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Preface

Worldwide, the potato is the third most important food crop, after rice and wheat, in terms of
human consumption. As a foodstu , potato has widespread acceptance across cultures and social
classes. More than a billion people worldwide eat potato, and global total crop production exceeds
300 million metric tons. A growing world population heightens the threat of increase in hunger
rate and the associated search for food security. This is best illustrated by the case of China, which is
now the world’s largest consumer of potatoes. Furthermore they expect that potatoes will provide
50% of the increased food production needed to meet demand during the next 20 years.

In many countries, with growing populations, the area available for expanding potato
production is constrained. Increases in crop yield will therefore have to come from improvement
in productivity. While impact evaluation studies show the potentially high returns on investments
in research on potato technologies, worldwide there is relative underinvestment in roots and
tuber research. Such research requires signi cant capital investment. A less expensive approach to
improving productivity among potato farmers in Sub-Saharan Africa is to invest in up-skilling the
potato farmers.

A rststep towards this objective is to up-skill the Extension Workers and Potato Crop Specialists,
who advise the farmers; that is the primary objective underlying the publication of this book. The
author is aware that already many excellent textbooks exist, dealing with specialised potato topics.
This publication should be regarded as a training manual and is intended purely for educational
purposes. It aims to provide practical guidelines to improve crop productivity, combined with an
elucidation of the scienti ¢ principles underpinning those guidelines. Extension Workers, Potato
Crop Specialists and Undergraduate Students are the target readership.

The focus of the book is improving potato productivity in sub Saharan Africa. Hence the
emphasis for example on the use of appropriate technology, such as farmer constructed di used
light stores to facilitate seed tuber sprouting. Due to the scarcity of land, farmers in this region are
often forced to abandon traditional crop rotation practices and plant successive potato crops. The
dangers associated with such practices are highlighted. Intercropping is an established practice in
traditional agriculture. The value of this practice in potato production is discussed. Currently most
potatoes grown in this region are consumed fresh. As living standards and disposable incomes
increase, the switch to consuming processed product will occur, mimicking consumption trends
in the rest of the world. Crop quality will then assume a greater signi cance than that required to
satisfy the fresh market. Factors, which in uence tuber quality, such as crop nutrition, irrigation,
crop maturity and tuber storage are addressed. The book is not intended as a literature review and
furthermore, to streamline reading by a non-scienti ¢ audience, citations are not included. This
de cit can be overcome however, by typing a phrase or sentence into an Internet search engine
and the reader will be directed to the source

The author wishes to thank the potato experts who generously publish state-of-the-art
information on the Internet, dealing with diverse aspects of the potato crop. This resource has
been utilised extensively while compiling the book. A sincere thanks to copyright holders who
gave permission for the use of their photographs and diagrams. A special word of thanks to site
owners, who grant unrestricted use of content for educational purposes.

While the information contained in this publication has been formulated in good faith, the
contents do not take into account all the factors, which need to be considered, before putting that
information into practice. Accordingly, no person should rely on anything contained herein as a
substitute for speci ¢ professional advice.



Foreword —John O’Shea

Five generations of my family have grown potatoes on the banks of the river Suir in the South East
of Ireland. A passion for producing and delivering top quality potatoes to our customers, drives
everything we do, from our determination to farm sustainably and in harmony with nature, to
our commitment to innovation and continuous improvement. From an early age | was acutely
aware of the importance of best practice in Potato agronomy, over the years we have worked with
many consultant agronomists who have kept us up to date with the latest developments in Potato
research and production.

From my rst trip with Vita to Ethiopia in 2012, | recognised two areas that needed to be
addressed if the productivity of potato production in Ethiopia was to improve.

Firstly the Vita agronomists on the ground are key to the success of the project and it is very
important that they have the communication and technical skills necessary to enable them
to transfer their knowledge to the farmers. The ongoing education and training of both the
Agronomists and subsequently the farmers will ensure that the productivity of potato production
and the quality of nished product improves.

The second area that needs to improve is the quality of seed potatoes. Increasesin productivity
can only be achieved if farmers have access to clean seed.

To address these issues, we invited John Burke to join our team. John spent his career working
with Teagasc, the national body providing integrated research, advisory and training services to
agriculture and the food industry in Ireland. Since joining Vita as a Volunteer Agronomist he has
focused attention on the production of clean seed, free from virus and bacterial wilt.

This book addresses the broad span of topics associated with potato growing in sub Saharan Africa.
It will provide front line sta  with a manual that can be distilled and translated into local languages
to provide farmers with a scienti ¢ basis to guide their decision-making.

The book is our gift to the potato farmers of sub-Saharan Africa.

John O’Shea and Family,
O'Shea Farms,

Piltown,

Co. Kilkenny,

Ireland.



Foreword, John Weakliam, C.E.Q., Vita

The potato farmers of Ethopia battle with seemingly insurmountable odds to produce food for the
family table and sell some to earn a little cash. Their insurmountable odds include old and diseased
seed tubers, lack of fertilisers and fungicides, tiny land holdings, far away and unfriendly markets,
the list is endless. Despite all that, the farmers persevere with great resilience because potato has
no peer in busting hunger and breaking poverty. In Ireland, we know that diseased potato caused
famine and we also know that healthy potato makes for a wealthy farmer as well as a great meal.
Potato farmers know all this too. They know that if you overcome the odds, you can have bigger
yields, more food and more money than wheat, barley or any other crop.

Vita started work in partnership with the Ministry of Agriculture with potato farmers in Ethopia
in 2012. We learned that know-how was the key to changing lives and that Ireland had the very
best of know-how. We started working with the Irish State Agriculture Agency, Teagasc and through
Teagasc we met John Burke. John spent his working career engaged in research in crop agronomy.
He has dedicated the past four years of his life to sharing a lifetime of experience with farmers in
Ethopia.

Inaspirit of true partnership and shared learning, potato expertsin Africa and Ireland have been
able to identify the key obstacles in the potato value chain which have stymied the potato reaching
its full potential as a hunger-busting crop. Bacterial wilt, or brown rot as it is called in Ireland, is one
such obstacle and another related obstacle is virus prevalence in seed tubers. There are many more
critical risks to potato production and this book identi es almost all of those.

This book combines farmer-friendly language with scienti ¢ rigour and will more than earn its
keep not only in Ethopia but through the Irish Potato Coalition network, across seven countries of
Eastern and Southern Africa. The Irish Potato Coalition was established to promote best practice
in potato production. The e orts of National Ministries and partners, Vita, Teagasc, CIP and other
Coalition partners are being directed to support as many of the four million potato farmers as
possible to achieve best practice, improved productivity and more sustainable livelihoods. In this
regard, this book will be a key guide to best practice.

A generous nancial grant from a Vita donor has defrayed the cost of publishing this book. It is
intended that the book will be distributed for free and no nancial reward from the publication will
accrue to Vita or the author.
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Section 1

The Potato

Introduction

The potato (Solanum tuberosum) is fundamentally important as a staple food of
humanity. Potatoes are grown and eaten in more countries than any other crop; they
are grown in all the continents except Antarctica. In the global economy they are the
fourth most important crop in total production and the fourth largest contributor
to human caloric consumption, after the three cereals, rice, wheat and maize. As a
food crop, the potato is the third most important in the world after rice and wheat
in terms of human consumption. More than a billion people, in over 100 countries
worldwide, eat potato and global total crop production exceeds 380 million metric
tons. Potato is considered the highest yielding crop per hectare of arable land and it
will grow in agro-ecologies where other crops will fail. Should growth of the world
population continue at the current pace, then within two decades, global demand
for food is projected to increase by 50 per cent, demand for water by 35-60 per cent,
and demand for energy by 45 per cent. The high yielding potato crop will play a
signi cant role in meeting this increased demand for food.

The crop has a high consumer acceptability by all socio-economic classes. Demand
for potatoes is expected to rise with the expected rise in the standard of living in
developing countries. Growing the potato provides humanity with an e cient tool
to capture and store some of the limitless energy of the sun, which the potato utilises
toe ciently convert carbon dioxide, water and nutrients to edible dry matter.

While consumption of fresh potatoes is declining in the western world in favour of
processed product, fresh potato consumption is increasing in developing countries.
The increasing popularity of the potato in these countries is due to the high
nutritional value of the tubers, combined with the ease of its cultivation by vegetative
propagation. Potato provides a balanced source of starch, vitamins and minerals to
many communities. The potato is rich in the nutrients that humans need. A plentiful
supply has often staved o hunger and in some cases facilitated enormous increase
in populations. On the other hand potato scarcity, due to destruction of the crop
by a pathogen, such as for example in Ireland in the 1840’s or Germany in 1917, has
resulted in famine and death from starvation.
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Origin and history of the potato

Botanists and historians have extensively researched the origin and history of the
potato and even today there is still widespread disagreement regarding the precise
details. The center of origin of the potato crop is the western coast of South America.
The genus Solanum comprises about 1,500-2,000 species (Fig. 1a). There are more
than 4,000 varieties of native potatoes, mostly found in the Andes. They come in
many sizes, shapes, skin colours and esh colours (Fig. 1b).

Figure 1.
A wild Solanum plant growing in a rock crevice at the Incan ruins at Machu Picchu,
Peru, (a). Selection of native Peruvian potato varieties (b). (Photos (a) Author .
(b) © CIP. With permission)

Many member of the Solanaceae family are too bitter to eat, their important
biodiversity includes natural resistances to pests, diseases, and climatic conditions.
It is not known for how long humans, as hunter-gatherers, collected and consumed
wild potatoes. There is evidence that that humans rst started to cultivate potatoes
in the Andes, on the borders of lake Titicaca. Material collected from archeological
sites and subjected to radio carbon dating, suggests that domestication of the potato
began about 8,000 years ago. Thereafter by breeding and selection, yield improved
and the area over which the crop was planted ranged from the hot dry semi desert of
the Peruvian coast, to an altitude of 4,500 m above sea level in the Andes Mountains
and extended southwards to an area we know today as southern Chile. A major
attribute of the potato is adaptability, which allows it to prosper in a wide range of
diverse environments. The potatoes we consume today are descendants of the rst
domesticated potatoes grown for human use (Fig. 2).

At high altitude in the Andes another property of the potato was exploited.
Tubers comprise some 20% dry matter and 80% water so they freeze readily at low
temperatures. Farmers spread the tubers on the ground and next morning they
crush the frozen tubers by walking on them. High daytime temperatures evaporate
some of the moisture. The freeze/thaw cycle is repeated three times and produces a

our-like material known as chufio, similar to that produced today by modern freeze-
drying. This can be stored for years then prepared for consumption by adding water
to rehydrate the powdered product.
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Extending the crop growth range to southern Chile was fortuitous, since at its
center of origin in the southern tropics, around the border between modern day
Peru and Chile, the potato produced tubers under short day conditions. But when
people moved further south and when the potato was grown under the long days
prevailing at these low latitudes, tuber formation was delayed. Further crossing and
selection produced types that formed tubers early after planting and provided high
yields during the short summer season at the low latitudes.

Figure 2.
A market stall in Ollantaytambo, Peru.
At least sixteen di erent potato varieties are o ered for sale (Photo © Author).

Subsequently when the tubers were transported to Europe some lines were pre
adapted for growing under similar day lengths, at corresponding latitudes in the
northern hemisphere. Ever since humans rst began to grow potatoes, we have been
picking the ‘best’ potato plants (with the biggest or tastiest potatoes, for example)
to grow for our use. Just by doing this we began to change potato plants to suit
our needs. Just as we do today, in current breeding programmes, our ancestors bred
potatoes for improved yield, quality, texture, and resistance to disease.

If there is controversy about the origin of the potato crop, there is even further
disagreement about its transportation to North America and Europe. The credit for
transporting is assigned both to returning Spanish conquistadors, who invaded
South America in the 1500's and also to subsequent English explorers. The potato
was introduced to Ireland sometime before 1600 and it ourished in the Irish climate
and soil. The ease of growing, harvesting, and preparing potatoes also contributed to
their rapid success. By 1650, potatoes had become widely grown in Ireland. During
the 1700’s the potato became established as a food crop in mainland Europe, driven
mostly by food scarcity caused by wars and by the demand for food to supply an
increasing population. Expansion in planting during the 19th century meant that it
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was credited as being the staple food crop that fed the expanding urban population,
which fueled the Industrial Revolution.

Following its introduction to Europe, the potato was subjected in each country
to breeding and selection to provide high yields under diverse local environmental
conditions and to satisfy avour and quality requirements of local consumers.

The potato was similarly brought to other countries around the world such as
India, Japan and China in the late 1600’s. While there is some evidence of it being
brought to Africa at this time also, it was really in the 19th century that the potato
was brought there by missionaries and explorers

Major roles of the potato crop

At least six major roles can be assigned to the potato tuber:
As a hunger-relieving crop

As food, either fresh, processed or as animal food

As a propagule, from which to produce the next crop
As a feed stock in industry for starch and alcohol

As an item of commerce

As a resource of biodiversity

The potato as a hunger-relieving crop
A disturbing aspect of our world today is the unevenness of food distribution. The
world has the capacity to produce enough food for every person on the planet, yet
millions go hungry every day and solving world hunger remains a complex issue.
Notwithstanding the huge increase in global food production over the past 50 years,
many individuals and communities — mainly in rural areas — do not have physical or
nancial access to food year round. In some countries there is such excess levels of
food that between 10 and 30 percent of it is wasted. Yet in other countries, a short
distance away, people su er from malnutrition and hunger. People are malnourished
if their diet does not provide adequate calories, protein and micronutrients for growth
and maintenance, or if they are unable to fully utilize the food they eat due to iliness
(under-nutrition). The causes of hunger are many and complex, but having access
to a locally grown high yielding, nutritious crop can alleviate the worst e ects. The
potato meets these requirements. It is ideally suited to places where land is limited
and labour is abundant, conditions that characterize much of the developing world.
Potato can be described as a “fast food” i.e. it grows rapidly and can produce a
usable yield in as little as 75 growing days, with a full yield in 100 to 120 days. They are
fast to cook, requiring a simple cooking potand a re. They are produced locally and
not subject to the dramatic price uctuations of internationally traded food, such as
cereal grains.

The potato as food

Potato is one of the most important crops in the world today. Potato produces more
protein and calories per unit area per unit time and per unit of water than any other
major food plant. One hectare of potato can yield two to four times the food quantity
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of grain crops. Potatoes are up to seven times more e cient in using water than
cereals. It has been estimated that it takes 1000 to 2000 litres of water to produce 1 kg
of wheat and 10,000 to 13,000 to produce 1 kg of beef, whereas potato can produce
between 4 and 7kg per 1000 litres of water. Another important aspect of potato, the
ratio of edible to non-edible components (harvest index HI) is much greater than in
wheat, rice and maize. The potato produces more nutritious food more quickly, on
less land, and in harsher climates than any other major crop - up to 85 percent of the
plant is edible human food, compared to around 50% in cereals.

Potato is a versatile, carbohydrate-rich food, highly popular worldwide and
prepared and served in a variety of ways, making them a good source of energy.
Freshly harvested, it contains about 80 percent water and 20 percent dry matter.
About 60 to 80 percent of the dry matter is starch. In addition, the potato is low in fat.
They are a valuable source of at least 12 essential vitamins also minerals and some
micronutrients. They are veryrich invitamin C - asingle medium-sized potato contains
about half the recommended daily intake - and contain a fth of the recommended
daily value of potassium.

On a dry weight basis, the protein content of potato is similar to that of cereals.
Potato has the highest protein content (around 2.1 percent on a fresh weight basis)
in the family of root and tuber crops, and furthermore, the protein is of a fairly high
quality, with an amino-acid pattern that is well matched to human requirements.
Because of the well-balanced amino acid composition, potato proteins have a high
biological value, higher than o ered by any other vegetable protein and close to
whey and egg protein.

Potatoes have generally been regarded as one of the least allergenic foods at our
disposal. Potatoes contain a wide variety of chemical compounds such as proteins,
glycoproteins and alkaloids. Some of the allergens in potatoes are sensitive to heat,
so if potatoes are cooked, they no longer have the potential to cause a reaction.

Historically, most potatoes were consumed fresh, i.e. simply boiled. In recent
decades however, processed potatoes — crisps, French fries and hash browns, for
example — have grown more popular worldwide as the technology to freeze the
vegetables has improved. For example, in several European countries some 50% of
the crop is consumed after processing. In the U.S., processed potatoes comprised
64% of total potato use during the 2000s, compared to 35% in the 1960s. The FAO
estimates that processed food now accounts for 80 per cent of all global food
and beverage sales. This change in consumption patterns re ects growing urban
populations, changes in traditional male-female roles within the family, more female
participation in the workforce, higher levels of disposable income, diversi cation of
diets and lifestyles that leave less time for preparing the fresh product.

With an emphasis on crop production for processing, there is constant demand
for improvements in tuber quality. The concept of quality embraces biological traits
(e.g. proteins, carbohydrates, and minerals); sensorial traits (e.g. avour, texture);
and industrial traits (e.g. tuber shape, cold sweetening, starch quality). Since most
quality traits are genetically controlled, breeding programmes can successfully meet
the requirements of a changing and demanding world. Besides being important
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in human diet, potatoes are also used as animal feed. This trend will expand in
developing countries as incomes improve and consumers switch from vegetable to
animal based protein, such as meat and dairy products. Cattle can be fed up to 20 kg of
raw potatoes a day, while pigs fatten quickly on a daily diet of 6 kg of boiled potatoes.
Chopped up and added to silage, the tubers cook in the heat of fermentation.

The potato as a propagule — the seed potato

Potatoes are mainly propagated by vegetative methods (cloning). Vegetative
reproduction ensures a uniform crop, contrary to what would happen with sexual
propagation. The progeny tubers are genetically identical to the mother tuber. Since
potato is a vegetatively propagated crop, planting material is subject to degeneration
over time, caused by the build-up of virus diseases and other degenerating factors
that are transferred from one generation to the next. The use of planting material of
low quality leads to reduction in crop yields and quality and causes yield reductions
on over 5 million hectares of potato in the developing world. The degeneration of
seed potatoes takes place when farmers either sow their own seeds, retained from
the previous harvest, rely on informal production or purchase “seed” potatoes from
traders in their local market.

Seed borne fungal or bacterial diseases act as a serious limiting factor to potato
production worldwide. Fortunately many of these pathogens produce visible
symptoms and therefore the infected tubers can be eliminated prior to planting.
Virus diseases represent another extremely important pathogens of potato. This
is due to their potential for transmission in a symptomless form, from generation
to generation, in seed tubers, which causes degeneration of the planting material.
While virus diseases are seldom lethal to the plant, they lead to reductions of plant
vigor, quality and yields. Reported e ects of virus infections on yields are generally
highly variable, but can reach up to 90%.

Low seed potato quality is a major constraint of potato production in developing
countries. Two factors can be at play here — the inability of the seed supply system
to provide adequate quantities of clean seed or the inability of poor farmers to
purchase the expensive certi ed seed. Recognising the problems associated with
clean seed supply, CIP (International Potato Center) had pioneered the development
of the three-generation (3G) seed multiplication strategy as an approach that helps
to substantially improve the quality of the seed. The concept underlying the 3G
strategy is to reduce the number of multiplications between in vitro plantlets to
making seed available to farmers, to prevent contamination with diseases and viruses
transmitted by vectors. However, it requires availability of a certain infrastructure such
as laboratory and greenhouses for mass production of plantlets in vitro and of mini
tubers. Then it needs skilled personnel to complete the eld multiplication steps.

No single technological x will resolve the potato seed problem; it will have to be
accompanied by a broad, systemic approach aimed at the general improvement of
the entire seed system in a particular region. Good quality seed is essential to high
yields and is usually the most costly input to potato cultivation, accounting for 30-50
percent of production costs. In many developing countries the scarcity and greater
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expense of such high quality seed tubers at planting time may force potato farmers
to plant inferior seed, or to depend on expensive, imported seed, which may or may
not arrive in time for the optimum planting dates. The improvement of seed quality
will contribute signi cantly to enhancing farmer e ciency and competitiveness.

The potato as a feedstock for starch and alcohol

Potato starch is a very re ned starch, containing minimal protein or fat. Itisa ne,
tasteless powder with excellent “mouth-feel”. The starch is therefore used to provide
viscosity or act as a ‘binder’ in sauces and soups. It provides higher viscosity than
wheat and maize starches, and delivers a tastier product. Potato starch tolerates
higher temperatures than maize starch. It is used as a binding agent in cake mixes,
dough, biscuits, and ice cream. Potato starch is now often valued for its indirect uses,
such as in animal feed and biofuel.

In Eastern Europe and Scandinavia, crushed potatoes are heated to convert their
starch to fermentable sugars that are used in the distillation of alcoholic beverages,
such as vodka and akvavit.

Potato peel and other “zero value” wastes from potato processing are rich in
starch that can be lique ed and fermented to produce fuel-grade ethanol. A study in
Canada’s potato-growing province of New Brunswick estimated that 44,000 tons of
processing waste could produce 4-5 million liters of ethanol.

Potato starch is widely used by the pharmaceutical, textile, wood, and paper
industries as an adhesive, binder, texture agent, and ller, and by oil drilling rms to
wash boreholes. Potato starch is a 100% biodegradable substitute for polystyrene
and other plastics and used, for example, in disposable plates, dishes, and knives.

Potato our is made from whole potatoes (most of the time even the peel is
included). The potatoes can be raw or cooked. Either way they are rst dried then
ground into our. The result is a heavy, cream-colored our with a distinct potato

avor.

The potato as an item of commerce
The growth in population and increasing urbanization and specialization led to
the need to produce larger quantities of food and then transporting it over longer
distances. Unlike wheat, rice and maize, which are internationally traded commodities
the potato crop is largely consumed locally. This helped to protect the potato from
the food price hikes in 2007-08 caused mainly by the diversion of grain from food to
ethanol production. Potatoes are exported mainly as fresh, seed or as frozen product.
The market for frozen product is the most globalized one, with the highest market
integration and highest price transmission. The USA exported 3 million tonne in
2014, while the European Union exported 1.1 million tonne to Saudi Arabia. In many
African countries the import of frozen French fries is prompted by the requirements
of the lucrative tourist and hotel trade. Potatoes however, are commonly regarded as
abulky, perishable commodity with high transport costs and limited export potential,
con ned mostly to cross-border transactions.

These constraints have not hampered the international potato trade, which has
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doubledinvolume andrisen almost fourfold in value since the mid-1980s. This growth
is due to unprecedented international demand for processed products, particularly
frozen French fries and dehydrated potato products. To date, developing countries
have not been bene ciaries of this trade expansion. As a group, they have emerged
as leading net importers of the commaodity.

International trade in potatoes and potato products still remains thin, relative to
production, as only 7% of output is traded. That value however, is higher than for
rice, where only 5% of output is traded. High transport costs, including the cost of
refrigeration, are major obstacles to a wider international market place for potato.
Despite these constraints, world potato trade was worth at least US$12.2 billion in
2015. In countries that lack a properly functioning potato seed certi cation scheme,
importing certi ed seed potatoes might appear to be the answer. Butimporting seed
potatoes is di erent to importing cereal seed. Seed potatoes are highly perishable
and will deteriorate in days if not stored under proper conditions, e.g. refrigerated
container. When seed tubers are shipped across international borders the costs
usually double due to transport costs, tari s and compliance with phytosanitary
requirements.

While potatoes may not rate highly in international trade, they are very valuable
as a source of family income when sold by the farmer in the local market or to
mobile potato traders. This type of local marketing is fraught with controversy and
discussion abounds regarding the ethics. When farmers, organize in marketing co-
operatives, they can resolve many of the problems associated with local seed trading
and as there is strength in numbers, it would prevent the trader from taking unfair
advantage.

The potato as a reservoir of biodiversity

When humans rst started the domestication process over 8,000 years ago, the
biodiversity (variation of life forms within ecosystems) of plants and animals at large
was changed, and huge amounts of the original biodiversity were lost. Humans rely
on biodiversity; at least 40 per cent of the world’s economy and 80 per cent of the
needs of the poor are derived from biological resources. For potatoes, the richer the
diversity, the greater the opportunity for the emergence of traits which can permit
the crop adapt to new challenges and changing conditions.

In the year 1800, the world population rst reached | billion. The population
doubled between 1950 and today. Furthermore the UN forecasts a population of
9.2 billion for the year 2050. The demands on natural resources and biodiversity are
growing even faster, because the global economy has quintupled in the last 50 years.
As the amount of land available for agricultural use continues to decrease worldwide,
more pressure on the soil resource base and the environment is to be expected.

Biodiversity is nature’s bulwark against unfavourable change. Genetic diversity
ensures that crops have within their genetic makeup the capacity to adapt to
changing environments; a natural weapon o ering them the exibility to deal with
unforeseen events such as climate change, and giving them greater chances to resist
pests and diseases.
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The history of the potato provides a grim warning of the need to maintain genetic
diversity in our staple food crops. In the 19th century, Ireland was heavily reliant on
only a few varieties of potato, and unfortunately those contained little resistance to
the devastating fungal disease known as late blight. When late blight destroyed the
1845-1847 potato crops, widespread famine followed.

The potato has a richer genetic diversity than any other cultivated plant. In the
center of origin in South America, potato genetic resources include wild relatives,
native cultivar groups, local farmer-developed varieties (“landraces”), and hybrids of
cultivated and wild plants. The biological traits inherited over aeons are carried as
genetic code within the DNA of the potato genes and these traits will ensure the
crops’ survival. In both potato and sweet potato it is easy to see genetic diversity in
the fantastic variety of tuber shapes (Fig. 1), ower, skin, esh colours, and tastes that
they show. But while these are the visible traits, it is the invisible traits, which exist
at the molecular level, like resistance to disease and drought that provide a valuable
genetic repository that can be mined by breeders and farmers.

Wild potatoes display a wide variation in appearance and taste. They occur in
a variety of shapes and colours. Due to the presence of poisonous alkaloids, the
tubers of some species taste extremely bitter. This bitter taste is induced by the
presence of the glycoalkaloids - a-solanine and a-chaconine. The evolutionary role
of glycoalkaloids is both that of feeding deterrent to discourage predators including
animals and insects and to protect against adverse e ects on hosts from fungi,
bacteria, viruses, and insects.

There is an ever present demand from today’s potato-based agricultural systems
for new potato varieties to combat pests and diseases, increase yields, and sustain
production on marginal lands. The chances of success are enhanced if breeders have
access to the entire potato gene pool. The prerequisite of the ancient agriculturalists
was to identify useful or edible species. A selection process to identify the more
productive cultivars followed. Today farmers, amateur and professional breeders
maintain that quest for more productive cultivars.

The selection process, in the quest for new cultivars, necessarily results in a
reduction and simpli cation of the immense biological diversity of nature, at both the
species and genetic level. Natural biodiversity is the “mine” from which this resource
base is derived. If we allow it to be destroyed, we destroy our own safety net. The
traditional potato varieties may not provide the highest yields but they are highly
prized for their unique avour and cooking qualities. They are a genetic resource and
will repay any e ort to protect and preserve them. It isimportant to support farmers
to maintain this potato diversity. The diversity of wild potato plants is a valuable
resource for modern potato breeders, who may be able to breed useful traits found
in wild potato species, such as the ability to resist disease, into the potato plants we
grow as crops.

Constraints on potato production
In countries, where agricultural productivity is low, population growth rates are high
and the ability to import food are severely constrained, one of the most important
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objectives is to accelerate agricultural growth. Improving potato productivity would
help address the issues of food supply and food security.

There are biotic and abiotic constraints to crop production. Many constraints
derive from the biological characteristics of the potato itself. These include the low
multiplication rates of seed tubers, and the technical di culties and costs associated
with maintaining seed quality through successive multiplications. Maintaining seed
quality is an ongoing problem due to the potato’s susceptibility to soil and seed-
borne insect pests and diseases. Seed tubers are also bulky: two to three tonnes of
seed per hectare are typically required. Stringent phytosanitary restrictions limit the
movement of potato germplasm, seed tubers and fresh ware potatoes.

Potatoes have high fertilizer requirements but low utilization e ciency — nitrate is
readily lost from the root zone. A long-term approach may be to reduce this loss by
developing potato cultivars which utilise N moree ciently. Post-harvest, fresh potato
tubers deteriorate quickly in tropical and subtropical environments, especially in the
lowlands. Today the global food system is subjected to increasing pressures from two
directions. The world population is growing and patterns of food consumption are
changing due to globalization, rising income levels and urbanization. These factors
contribute to the demand for animal derived protein products and particularly
processed food. The demand for biofuels is also impacting on the supply of land
available for food production

To help o set these additional demands, there is no longer a vast pool of available
under utilised fertile land. Increasingly there are moves to bring marginal land into
production. Meanwhile, topsoil degradation and erosion are reducing the available
agricultural land pool.

Crop productivity must increase to meet the food requirements of the world’s
growing population. Achieving this objective will put considerable pressure on
global water resources. While globally there should be su cient water for future
agricultural requirements, in many regions surface and ground water is becoming
less available due to urban and industrial water use rising. The combination of low
water supply and high human demand may lead to regional shortages of water for
future food production.

This is happening against a background of climate change, where rising
temperatures, changing patterns of precipitation and more extreme weather events
are likely to negatively a ect the conditions for agricultural production in many
regions of the world. There is potential for improvement however, since in both dry-
land and irrigated agriculture only about one-third of the available water (as rainfall,
surface, or groundwater) is used to grow useful plants.

Another constraint to potato production is the risk from pests and pathogens.
Since the 1940's there has been a hon-ending stream of new pesticides designed to
control fungi, weeds and insect pests. Because of overuse and misuse, many of these
products are now redundant due to the development of resistance. In recent years
the cost of bringing a new agrochemical to the market has soared owing to rigorous
testing protocols and the requirement to meet ever more stringent regulations
with regard to the e ects on target and non-target organisms; so consequently the
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production cycle for new compounds has slowed dramatically. We must therefore
use the available compounds with care and discretion, so as to prolong their useful
life.

An abiotic constraint to potato production relates to the soil. The top 30cm of soil
has nourished the farmer’s ancestors since they settled there. It is truly their most
valuable asset — even priceless - and if it is protected from erosion, degradation and
contamination by persistent pathogens it will continue to provide sustainable yields
of potatoes and nourish the generations yet unborn.

Tillage, monoculture, pesticide use, erosion and soil contamination or pollution,
generally have negative e ects on most soil organisms, reducing the soil’s capacity
to maintain its function. This has numerous facets including decreased soil organic
matter content, loss of soil structure, loss of soil through wind and water erosion. On
the other hand, the application of organic wastes, moderate use of mineral fertilisers,
crop rotations, irrigation in dry and drainage in wet areas generally have positive
impacts on soil organism densities, diversity and activity. These latter practices will
support sustainable potato production without the need for excessive amounts of
expensive external inputs.
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Why Plant Potatoes?

® The potato is an easy crop to grow and the generous yield will provide ample
compensation for the e ort expended.

@ Let’s say you have 1ha of farm land. If you grew potatoes, you could meet the
energy needs of 22 people. If you used this land to produce beef or eggs, you
could meet the energy needs of 1 person.

@ Potatoes produce more energy per day on a given area of land than any other
crop. Compare to agrain crop, for example. Only 33% of a grain plant s edible,
versus 75% of a tuber plant.

@ Potatoes take 2-3 months to mature and can be stored for long periods of
time.They are ane cient means of converting solar energy, land, water, and
labor into nutrition.

Speaking of water...

® |t takes 25 litres of water to produce one potato.
@ |t takes 40 litres to produce one slice of bread.

@ |t takes 40 litres to produce one glass of milk.

@ |t takes 70 litres to produce one apple.

® |t takes 135 litres to produce one egg.

@ |t takes 2400 litres to produce one hamburger.

Sources accessed in the preparation of this section.

Lutaladio, NeBambi. Ortiz, Oscar. Haverkort, Anton. Caldiz, Daniel, (2009). Sustainable potato
production — Guidelines for developing countries. Publ . FAO 91 pp.

Gastelo, Manuel; Kleinwechter, Ulrich and Bonierbale, Merideth, (2014). Global Potato
Research for a Changing World. Pub. International Potato Center (CIP) 54pp.

F.A.O AGP - Agriculture and soil biodiversity

FA.O (2008). International Year of the Potato.
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Section 2

Botany of the potato plant

Introduction

The potato can be de ned as having an annual cycle and a perennial cycle. In the
annual phase, food synthesised in the leaves passes to the ends of the stolons, which
swell and form the tubers we call potatoes. Since the potato tuber is a stem, it has
leaf scars and lateral buds; these constitute the familiar ‘eyes. Each one of these can
produce a new shoot in the following year (the perennial phase), using the food
stored in the tuber. The old tubers shrivel and rot away at the end of the season

Potato - Scienti cclassi cation

Plant classi cation is the placing of known plants into groups or categories then
grouping successive categories into a hierarchy. The act of classi cation can be
de ned as ‘the grouping of individuals so that all the individuals in one group have
certain features or properties in common’

According to the rules of taxonomy potatoes are classi ed as:

Order: Solanales

Family:  Solanaceae

Genus:  Solanum

Species:  Solanum tuberosum

Cultivar is the lowest rank. A cultivar is a cultivated variety, a particular plant that has
arisen either naturally or through deliberate hybridisation, and can be reproduced
(vegetatively or by seed) to produce more of the same plant. A cultivar is also de ned
as plant or grouping of plants selected for desirable characteristics that can be
maintained by propagation.

There are more than 4,000 varieties of native potatoes, mostly found in the Andes
(Fig. 1). There is at least a further 1000 cultivars either in cultivation or in collections
around the world.

Potato cultivars are roughly classi ed into four types based on their purpose:
table use, food processing, starch production, and other purposes, including colorful
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potatoes. Consumption of table use potatoes continues to gradually decrease in
many countries. In contrast, consumption of potatoes for food processing such as
potato chips, French fries, frozen croquettes, and packed salads, has greatly increased
since 1970. This is driven by increase in urbanization and the growth of the socio-
economic group de ned as“middle-class”

Figure 1.
A selection of potato cultivars. (Photo © CIP. With permission)

Potato ploidy level

Ploidy is a measure of the number of sets of chromosomes in the nucleus of a cell. In
common with many other important crops, potato is a polyploid. Just as in hybrids,
polyploids have been observed to be more vigorous than their diploid parents. This
may include bigger leaves as well as an increase in height. The polyploids can also be
more disease and pest resistant.

The e ect of polyploidy on crop production has yet to be determined, but its
prevalence in a broad range of crop species suggests certain advantages. Polyploidy
is an important mechanism in plant speciation that has been associated with
geographical and environmental range expansions. Polyploidy in potato results
from genome doublings (autopolyploidy) rather than genome combinations
(allopolyploidy).

The cultivated potato belongs to a species, Solanum tuberosum. Domestic potato
cultivars are highly heterozygous autotetraploids. Potatoes may be classi ed into
di erent ploidy levels, based on a haploid number of 12, ranging from diploid
(2n=24) to hexaploid (6n=72), and including triploids, tetraploids, and pentaploids.
The cultivated potato is a highly heterozygous tetraploid (4n=48); many wild species
are diploid but may range up to hexaploid. The tetraploid cultivated potatoes are not
diploidised, so that there are four interchangeable genes at each locus.

Botanical description
The potato plantisan herbaceous perennial (a plantwhose growth dies down annually
butwhose roots or other underground parts survive) in that it lacks awoody stem and
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The Potato Plant
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Figure 2.
The potato plant (Image © CIP. With permission)
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lives more than two years. Under normal cultivation it is grown as an annual, with the
above ground stem dying back at the end of the growing season. The tubers provide
the perennial dimension — but this only happens when plants are not harvested at
the appropriate time and allowed to regrow as “volunteer potatoes”

The above ground portion — the stem, and the collection of stems — the canopy;, is
the most recognizable characteristic. Two types of stem are recorded: determinate
and indeterminate. The stems on determinate cultivars will typically grow to between
75 and 95 cm. tall. Indeterminate stems can attain heights of 2.0 meters depending
on the number of successive axillary stem orders formed (They are called “axillary”
because they form in the angle between the leaf and the stem: this is the leaf “axil”).
These values however are not absolute as they can be modi ed by factors such
as physiological age, soil nutrient status and soil moisture status (excess moisture
— water logging - restricted growth or moisture scarcity and again restricted stem
growth). Growth habit may range from fully erect, through rosette to completely
prostrate.

The below ground portion — the tuber. The potato tuber is an enlarged portion of
an underground stem, in which case these underground stems are termed stolons.
The stolon can often grow through the side of the ridge and emerge above ground.
Stolons emerging from the soil in this manner will go on to form a stem and leaves.
The term stolon is commonly used in the potato literature for both rhizomes and
stolons.

Although potato tubers grow underground, they are not roots. Growing
underground does not make a plant part a root, and, similarly, growing above ground
does not make a particular plant part a shoot. As discussed above roots and shoots
are de ned by where they form during the development, of the plant embryo. Plants
usually produce shoots that grow aboveground, where their leaves are exposed to
the sunlight that is needed for photosynthesis, and roots grow below ground, where
they take up water and extract nutrients from the soil. Some plants, like potatoes, are
specialized to produce shoots below ground (as well as above ground).

The Potato Stem
The stem is generally considered to be the central structure of the potato plant. The
stem is a collection of integrated tissues arranged as nodes and internodes. Nodes
are locations where leaves attach to stems, and internodes are the parts of stems
between nodes. The stem supports leaves and turgor pressure in stems provides
a hydrostatic skeleton that supports young plants. Leaves are also supported by a
stem’s internal structure of collenchyma and sclerenchyma. It supports the owers
and has nodes from which new shoots and sometimes new roots can arise, is usually
found above-ground, but stems can be modi ed and found below-ground as well.
Stems of potato plants are green and photosynthetic, however photosynthesis in
stems is not signi cant compared to leaves.

Potato plants grown from true seed have one main stem; but when propagated
from ‘seed’ tubers the potato normally produces a number of stems and these are
categorised either as main stems (Fig. 2) or secondary/lateral stems. Main stems
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originate from the tuber eye and because the eye may contain several buds, more
than one stem may emerge.

Stem colour is generally green or mottled green (Fig 2 a); occasionally it may be
red-brown, or purple (Fig. 2 b). Main stems show partial apical dominance. Stems are
round to angular, usually triangular, in cross section. Wings or ribs are often formed at
the angle margins. These wings can be straight, undulate or dentate (Fig. 2 ¢). Stems
range from nearly hairless to densely hairy. Stems may be solid or partly hollow due
to the disintegration of the pith cells.

Figure 2.
Stem type and colour (a & b). Dentate wings (c). (Photos © Author)

The potato main stem plays a major role in determining tuber yield. This is achieved
through interstem competition, whereby stems compete for water, nutrients and
light. The intensity of competition controls the number of tubers formed per stem
and then goes on to in uence the size distribution of the tuber crop. The main
stems terminate in an in orescence. With determinate cultivars, no further growth
takes place. With indeterminate cultivars, a bud in the axil of the leaf subtending
the in orescence may elongate to produce a secondary stem, which forms leaves
and again terminates in an in orescence. This is sometimes known as a 1% order
apical branch. After this branch terminates in an in orescence, a 2™ order branch
may develop and the process continues until the onset of canopy senescence. The
number of levels or orders produced per stem depends on factors such as cultivar,
physiological age of seed and environmental conditions. Indeterminate cultivars
require a long growing season to ensure that their potential yield is attained.

Main stem branches

Axillary buds are young dormant branches. These buds have di erent development
potentials. They are called “axillary” when they form in the angle between the leaf
and the stem; this is the leaf “axil.”When an axillary bud elongates, it forms a branch.
Branches tend to replicate the basic structure of the shoot system, in being composed
of stem and leaf components.
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Axillary buds forming in the axils of leaves just above the soil level of the main
stem may begin to elongate until it forms a branch. These lateral stems are branches
of main stems.

Main stem branches can also arise from nodes below soil level. These branches
can go on to form roots, produce stolons and form tubers (Fig. 2). They behave
independently of the main stem.

Leaves

Leaves are the most active and conspicuous organs of the potato plant. Their most
important function is absorbing sunlight for use in photosynthesis. When all or most
leaves are arranged at or near the base of short stems and are near the soil surface,
the plant has a rosette or semi-rosette habit.

The potato leaf is pinnate; that means that lea ets are attached along a common axis;
there is aterminal lea et and therefore an odd number of lea ets (Figs. 3a and 3b). Three
to four pairs of lea ets are generally present. The lea ets are borne on petiolules; they are
ovate (i.e. they have a tapering point). Secondary lea ets (Fig. 3b) Il the spaces between
the primary lea ets and serve to increase the amount of light intercepted.

i

Figure 3.
Diagrammatic illustration of a potato leaf:
ATerminal lea et. B Primary lea ets. C Petiolules. D Secondary lea ets. E Petiole.
F Midrib. G Tertiary lea ets (a); Primary, Secondary and Tertiary lea ets (b & c).
(Photos b & ¢ © Author)

Roots

Potato plants may develop from true seed or from seed tubers. Plants grown from
seed form a slender taproot with lateral branches. Under conventional agriculture,
potato plants grown from tubers form adventitious roots at the base of each sprout
and, later, above the nodes of the underground part of each stem. Occasionally, roots
may also grow on stolons. In comparison with other crops, the potato root system is
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poor. Therefore, good soil condition is necessary for potato growing. The type of root
system varies from light and super cial to brous and deep.

Potatoes produce more roots in the upper soil layers than many agricultural crops
(Fig 4a). In early growth, roots are almost entirely con ned to the top 20cm. of surface
soil. After extending horizontally to a distance of 30 to 60cm. or more, the roots
turn more or less abruptly downward and penetrate the 60 to 90cm. zone of soil.
Branching is very profuse throughout the root extent, and at maturity, laterals occur
to the root tips. Usually the branches are relatively short but so numerous and well
rebranched that despite the poorly developed root system, the absorbing system is
verye cient.

Figure 4a.
Development of a potato root system at 56 days old (Source, Weaver 1926)

Figure 4b.
lllustration, showing white eshy stolons with tubers attached
and brown-coloured brous roots. (Photo © Author)
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Stolons

The stolon is an underground modi cation of the stem. The formation of stolons
normally begins at the lower nodes on the stem and progresses acropetally. Stolons
(technically rhizomes) have elongated internodes and have leaf scales located
alternately on their surface, in the same manner as the aboveground stems. Buds
developing at the base of the stem produce shoots, which grow horizontally at rst
(they are diageotropic stems) and then down into the ground. In conditions that
are noninductive for tuberisation, e.g. long day, the stolons often grow upward and
emerge out of the soil to form a new shoot. However, In tuber-inducing conditions,
e.g.short-day, the stolons grow under-ground until the tip of the stolon swells to form
the tuber. In potato, stolon swelling is con ned to the tip. Under repeated cycles of
stress imposition, stress relief, a phenomenon called ‘chain tubers’ occurs. This gives
the impression of multiple swelling events (Fig. 5d B).

Although they resemble roots super cially (Fig. 4b), they can be distinguishable
from roots by the presence of the following features; presence of nodes and
internode; presence of scale leaves, buds and adventitious roots at the nodes; an
internal structure resembles that of aerial stem and not of root.

Tubers

Many adaptations for asexual propagation involve underground plant parts. In some
cases the structures are true roots, but most are modi ed underground stems. The
common potato isn't a root, but is a tuber. A tuber is the botanical name for the
swollen end of a eshy underground stem (a stolon), which arises from a below-
ground axil at the base of the stem.

Tubers are enlarged structures of the potato plant; used as storage organs
for nutrients; used for the plant’s perennation (survival through the winter or dry
months); used to provide energy and nutrients for regrowth during the next growing
season, used as a means of asexual reproduction and used for consumption.

The underground stems (stolons) grow horizontally outwards in the soil and are
modi ed to store starch for subsequent growth (or for consumption). The tuber can
be de ned as a stem because it has many nodes called eyes, with spaces between
eyes known as internodes. The potato is an example of a shoot that has become
specialized for storage. Each tuber is irregular in shape due to the deposition of food
materials (starch). The importance of tubers is re ected in the fact that some 75 to
85% of the dry matter produced by the plant accumulates in the tuber.

Tubers are covered by a corky skin, with a number of small depressions. These
depressions, which comprise a C-shaped leaf scar with a subtending axillary bud, are
called eyes (Fig. 5a). Eyes of potatoes are really axillary buds, which contain several
small buds at each site. These buds can expand to form shoots and roots that grow
on to make whole plants. As with stems of other kinds of plants, we can look along
the length of the potato tuber to nd its nodes and internodes. They are arranged
in a downward spiral pattern from the terminal end to the point of attachment of
the stolon. The small, scale-like leaves have usually worn away before the potato is
harvested; however, we can readily nd the so-called “eyes” that are the nodes of the
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potato stem; each eye represents a node. A big scar at one end of a potato marks its
attachment to the stolon. This is often referred to as the “heel end” of the tuber while
the terminal end, with its apical bud, is referred to as the “rose end” (Figs. 5b and 5c¢)

Figure 5.
A tuber eye with its C-shaped leaf scar and axillary bud
(a); Stolon attachment heel end (b); rose end (c). (Photos © Author)

While normally tubers form at the tips of stolons, occasionally tubers form along the
stolon itself, resembling beads on a string, (these are referred to as “chain tubers”)(Fig
5d). This phenomenon is observed when growth is interrupted by early drought
followed by growth resumption after irrigation or rainfall. Under experimental
conditions, repeated cycles of high nitrogen/nitrogen withdrawal can also result in
the formation of“chain tubers,” demonstrating that nitrogen levels play an important
role in the control of tuber formation.

Figure 5d.
Various scenarios, resulting in the formation of chain tubers. (Image courtesy
aardappelpagina)

Tubers can actually form on other parts of the plant above ground, normally from
axillary nodes on the stem. These aerial tubers are usually formed only on injured
or diseased plants, where translocation of assimilates below ground has been
prevented, or in plants grown in very strong inducing conditions.
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Potatoes can be grown by cutting a single potato into fragments that each
contains an eye. When planted, the axillary bud of each potato piece will begin to
grow outward from the eye to form an entirely new plant that will have an above-
ground shoot with stems and leaves and below-ground roots. That new plant will
also have the ability to form underground new potatoes.

The potato tuber for consumption

Potato tubers come in a variety of shapes, which can be round, oblong, attened, or
elongated. Skin and esh colors: range from purple, pink, gold and yellow, but most
common are red and white skins; white and cream coloured esh.

Quality is one of the most important aspects related to potato tubers. Quality
parametersvary according to marketspeci cation and to utilization requirement. Two
major categories exist. The rst category groups‘“external quality” aspects comprising
skin colour, tuber size and shape, eye depth. These traits are deemed very important
for fresh consumption where the consumer “shops with their eyes”and furthermore,
external traits are most likely to in uence consumer’s choice. The second category
comprises “internal quality” aspects including nutritional properties, culinary value,
after-cooking properties or processing quality. Internal quality is given by traits such
as dry matter content, avour, sugar and protein content, starch quality, type and
amount of glycoalkaloids. Potato varieties have a range of subtle avors.

Figure 6.
Examples of tubers having white skin, white esh (a),
red skin, yellow esh (b) and ‘black’ skin, purple esh (c)
(Photos (a&b) © Author, (c) Courtesy Wikipedia)

Growing potatoes from true seed
True Potato Seed (TPS) is the actual botanical seed produced by the potato plant.
Found in tiny seed balls resembling tomatoes, TPS is occasionally formed after the
potato has nished owering (Figure 7b). Potato crops are normally planted using
the potato ‘seed’ tuber, but planting from TPS has several advantages.

The peculiarities of potato genetics cause plants grown from TPS to be markedly
di erent from the parent plants and from each other. This diversity helps ward o
incidences of plant disease while 0 ering growers an opportunity to develop their
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own varieties. Plants grown from true seed exhibit great variation; selecting material
from within this variation is the basis of potato breeding.
TPS can be collected and saved. TPS can be stored in a cool, dry place for about
eight months before planting them indoors into trays and transplanted out to the
eld.

Figure 7.
Potato ower (a) and potato fruit (berry) (b), berry showing true potato seed (c).
(Photos © Author).
(Note: Potato berries, which resemble tomatoes, contain toxic compounds known as
glycoalkaloids, of which the most prevalent are solanine and chaconine. They must
never be consumed, especially by children.).

The potato ower

anther
stamen
filament

calyx {sepals)

corolla (petals)

Figure 7d.
Diagrammatic representation of a potato ower (Image © CIP. With permission)
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Breeding a new potato cultivar

The objective of all potato breeding programmes is to develop potato cultivars
that are genetically superior to the existing cultivars and that satisfy or exceed the
standard cultivar for yield and grade in the fresh and processing markets. To achieve
these objectives, parental lines with desired traits are crossed and progenies are
evaluated.

The potato plant contains a wealth of genetic resources. While containing only 12
chromosomes, cultivated varieties have four copies, for a total of 48 chromosomes.
When the potato plant reproduces, usually though self-pollination, the chromosomes
(along with the genes they carry) are reshu  ed, distributing themselves randomly to
the seeds. Each seed will develop into a plant with unique characteristics. Each of
these plantswill produce tubers that are widely di erentfromtubers on neighbouring
plants, they will range in tuber shape, they will vary in skin and esh colour while
others will demonstrate excellent disease resistance. Some will be worth growing
out for generations, while others will grow poorly and have to be discarded.

The modern, tetraploid cultivated potato has four sets of chromosomes and this
means that the cultivated potato cannot easily be crossed with many wild potatoes,
which are mostly diploids. Therefore the majority of breeding with potatoes involves
crosses between tetraploid genotypes followed by recurrent selection based on
phenotype. Parents are selected to be diverse in order to minimize homozygosity
and inbreeding depression, and test crosses may be performed in order to
determine which parent combinations are desirable. Although molecular markers
are increasingly used, selection is typically applied at the phenotypic level. Due to
the heterozygosity and tetraploidy of S. tuberosum, traits are expected to segregate
in the F1 generation, and large populations are typically generated, on the order
of tens of thousands. From the F1 generation, tubers will be removed and planted,
representing the rst clonal generation. The clones will then be put through a series
of eldtrialsinanincreasingly diverse range of environments over a number of years,
and selection will be applied to reduce the number of clonal lines until only one or
at most, a few remain.

Breeding methodology

Potato breeding is now largely carried out by research institutes or professional
breeding organisations, with considerable investment in infrastructure, where the
crossing is carried out in a controlled environment (Fig 8). But it can be done on a
small scale, even by amateur breeders and with a lot of luck! they could develop a
successful new variety.

Potatoes produce owers that can be either self-pollinated, or cross-pollinated,
to produce fruits, containing true seed. Potato owers being bisexual facilitate
self-pollination. They posses all four essential parts of a ower; calyx, corolla, male
elements and female elements (Figs. 7d and 9).
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Figure 8.
Glasshouse with parent plants being prepared for crossing. (Photo © Author)

Figure 9.
Potato owers, showing white and purple petals, yellow anthers, with stigma and
style protruding. (Photos © Author)

The rst step in a breeding schedule is to select potato varieties or genotypes with
complementary traits for use as parents. Next decide which will be used as the female
parent. The owers should still be closed, (Fig. 10a) with the petals fully formed but
adhering to each other. The petals are gently pulled apart and the anthers exposed.
Unless the breeder is certain that the plant is self-sterile, the anthers are removed
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(Fig10b). This step is referred to as emasculation and is done the day before the
ower opens. Otherwise, when the anthers mature, a small aperture appears at the

tip and this allows pollen to emerge and deposit on the stigma, allowing the plant
to self-pollinate.

Figure 10.
Flower with petals still closed (a). Emasculating the ower (b). (Photos © Author)

The ower, with the stigma, style and ovary exposed, is now ready to receive the

pollen (Fig. 11). A small label, containing data on the parents in the cross, is attached
by string to the ower
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Figure 11.
The ower on the female parent ready for pollination. (Photo © Author)

A male parent is selected for the cross. The ve anthers are arranged tightly around
the pistil of the ower, or they may be loosely arranged. The pollen is stored in the
anthers and when it is ‘ripe’ it assumes a dust-like quality. It is removed by splitting
open the anther. A pen nib or blunt scalpel can be used (Fig. 12). Excess pollen can
be collected, dried and stored in small glass vials for future use. Make sure that the
pollen is not sterile.
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Figure 12.
Collecting pollen from an anther using a pen nib. (Photo © Author)

A smallamount of pollen is collected on the pen nib and applied to the ower stigma
(Fig. 13a). Up to 200 such parental crosses are completed each year in a typical

breeding programme. After pollination, a label is attached, carrying details of the
parents used (Fig. 13b).

Figure 13.
Pollinating the potato ower (Photos © Author)

Figure 14.
Berries containing true potato seed (a). Secured in a net for protection (b).
True potato seed extracted, dried and prepared for storage (c). (Photos © Author)
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If pollination is successful a berry (or fruit) is formed (Fig. 14a). This will contain up
to 200 true potato seed. Each seed is a sibling of every other seed in the berry, but
genetically di erent from all the other seeds. When the berries are ripe they are
collected from the stems and stored until the seed is extracted. This is accomplished
by cutting the berry open and placing it in water for about three days. As the mixture
ferments, the seed separates from the esh and can be collected, dried and stored
(Fig. 14b).

The seed is sown in trays (Fig. 15 a&b) and crossses wil vary in the amount of
seedlings that emerge. Trays will typically contain about 300 seedlings.

Figure 15.
Variation in the levels of germination and emergence of true potato seed (a)
and trays containing seedlings with high levels of emergence (b). (Photos ©Author)

After emergence the seedlings are transplanted to pots and grown on to produce
small tubers (Fig. 16). Each seed therefore can be the basis of a potential new variety.
In the rst year the seedling is planted and its progeny (4-6 tubers) is evaluated
visually; then either selected for progression or discarded. Typically, from about
100,000 seedlings planted, only some 3000 will be retained after the initial selection
and advanced for further evaluation.

Figure 16.
Planting potato seedlings grown from true seed (a)
The seedling crop at maturity (b) (Photos © Author).

Selected tubers from the pot grown plants are multiplied vegetatively, ensuring that
there is no further segregation and therefore the selection is relatively easy. Over
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several more seasons this number of seedlings will be constantly evaluated using
increasingly rigorous selection criteria and unsuitable clones discarded..

Initially selection is for basic agronomic and commercial traits such as foliage,
length of stolons, tuber shape, number, size and distribution, skin colour and esh
colour. The selection percentage is decided by the breeder — too severe and there
is a risk of discarding a potentially useful cultivar; too vague and unsuitable clones
are carried for longer than necessary — wasting resources. At later selection stages
further traits such as foliage maturity, disease resistance, yield, speci ¢ gravity,
cooking quality and fry colour are assessed

Breeding a new potato cultivar is not a quick route to success. From the rst year
when the crosses are made, to the release of a successful new cultivar, it is expected
that 12 to 15 years will elapse. From the initial 100,000 seedlings planted in pots,

nding one new commercially acceptable variety is considered a success

Typical ow chart for the development of a new cultivar is presented in Tables 1
and 2.

Table 1.
A typical potato breeding and selection scheme,
showing the progressive reduction in seedling numbers

Year Task

1 Select parents and crossing — 100,000 true potato seed
2 Raise seedlings in nursery — 90,000 seedlings
3 Single plants in the eld — 75,000 plants
4 5 Tuber lots — 2,500 seedlings
5 20 Tuber lots — 300 seedlings
6 40 Tuber lots — 35 seedlings
7-12 National List Trials — Approx. 35 seedlings — 1 New Variety
Table 2.
Details of activities at advanced selection stages
Year Task
5 Replicated 20 tuber lots; initial screening for insect resistance.
6 Replicated 40 tuber lots; screening for insect resistance and quality
characteristics
7 Replicated yield trials; Continuing assessment of quality characteristics
8 Pre National List trials at a range of locations to assess reaction to
various agroecologies
9 National List trials
10 National List trials
11 Granting of Plant Breeders Rights for New National Variety
12 Seed Multiplication of the New Variety under the Seed Certi cation
Schem
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The cultivated potato belongs to a species, Solanum tuberosum and is a highly
heterozygous tetraploid (4n=48);

Potato cultivars are roughly classi ed into four types based on their purpose:
table use, food processing, starch production, and other purposes.

The stem is the potato’s most recognizable characteristic. Two types of stem
are recorded: determinate and indeterminate.

The potato tuber is an enlarged portion of an underground stem; it provides
food reserves and meristematic potential.

True Potato Seed (TPS) is the actual botanical seed produced by the potato
plant.

The majority of breeding with potatoes involves crosses between tetraploid
genotypes followed by recurrent selection based on phenotype.

Sources accessed in the preparation of this section.

Canadian Food Inspection Agency, (2015). The Biology of Solanum tuberosum (L.) (Potatoes)

Huaman, Zosimo,. (1986). Systematic botany and morphology of the potato plant CIP, Lima,
Peru. 22 pp.

Struik, P. C. (2007). Above-ground and below-ground plant development. Pages 219-236 in
D. Vreugdenhil, J. Bradshaw, C. Gebhardt, F. Govers, D. K. L. Mackerron, M. A. Taylor, H. A.
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Section 3.

Tuber Dormancy

Introduction

Potato tubers are swollen underground stems, formed by swelling at the tip of
underground stolons in a series of processes consisting of: the cessation of growth
at the apex, swelling of the stolon and enlargement of the tuber by cell division and
cell expansion. As the tuber elongates, a growing number of lateral bud meristems
(termed eyes) are formed in a spiral arrangement on its surface. When tubers attain
their nal sizes, they assume a deep (internal) dormancy, which is caused by a
hormone-mediated signal.

In a potato tuber, dormancy is de ned as the physiological state in which
autonomous sprout growth will not occur within two weeks, even when the tuber
is stored in conditions favourable for sprout growth. This onset of dormancy is
associated with the cessation of meristematic activity at the stolon tip during tuber
initiation. Tuber dormancy deepens further following the death/destruction of the
canopy.

The basis of dormancy

Dormancy is a hormone induced physiological state. Dormancy gradually develops
in potato tubers from the moment cell division in the stolon tip ceases and the tuber
startstoexpand. During dormancy, biochemical reactionsand physiological processes
continue to occur within the tuber, but they do not manifest as morphological
changes.

There are two possible de nitions of potato dormancy; total dormancy which
covers the period from tuber initiation to the end of dormancy or post harvest
dormancy. This latter description covers the period after harvest and following
wound healing when the tuber enters a biochemically ‘quiet’ phase.

Plant dormancy is classi ed into three categories: endodormancy, paradormancy
and ecodormancy. In potato tubers the dormancy is de ned as “endodormancy”
and is due to the interaction of the endogenous hormones abscisic acid (ABA) and
ethylene that mediate suppression of meristem growth. ABA is considered as a
positive regulator of dormancy induction and most likely also maintenance.
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Dormancy and sprouting are controlled by the interactions of major plant growth
regulators, predominantly the ratio of gibberellin (GA) and abscisic acid. ABA has
been suggested as important to maintain dormancy, whereas the role of GA has
been clearly determined in dormancy breakdown. Abscisic acid is synthesized in the
haulm during the eld growth stage and is transported, via the stolon, to the tuber.

Unlike cereal seeds, potato tubers remain hydrated throughout their life, but
dormancy ensures that metabolic activity continues at a very slow pace. The
development of dormancy is a gradual process and in some respects it parallels tuber
initiation. To permit tuber initiation to commence, the apical meristem of the stolon
must become dormant — otherwise stolon extension growth will continue. With this
cessation of cell division in the stolon tip, longitudinal cell division in the subtending
nodes commences. This characterizes tuber initiation and is accompanied by buds
in the eyes becoming successively dormant until nally the apical bud becomes
dormant. The role of the tuber in vegetative propagation of the crop is de ned by
the reactivation of these dormant meristems

The role of tuber dormancy

After maturation, dormancy serves to protect tubers as organs of vegetative
reproduction under conditions unfavorable for growth. During this dormancy period,
tubers are highly resistant to pathogen attacks. This preserves the reserves of starch
and protein required to support future sprout growth. Dormancy is thought to be
an adaptation to enable the tuber to survive periods unfavourable for growth. In
colder climates, it prevents sprouting when tubers would be exposed to extreme
temperatures. These low temperatures would kill the sprouts if they were present.
Potato sprouts are extremely frost sensitive

Dormancy and tuber metabolic activity

Metabolic depression is generally associated with dormant tissue and this extends
alsoto potato tubers. Tubers are living organisms and as such, they respire. Respiration
is a process that consumes glucose to maintain cell functioning, and generates
carbon dioxide, water and heat. In some respects it can be considered the reverse of
photosynthesis. The less the potato tubers respire, the less they will shrink in storage,
and the less likely they are to break dormancy and sprout prematurely.

The rate of respiration could almost completely be explained by the factors:
storage temperature, degree of sprouting, storage duration, and the interactions
between these factors. Tuber respiration (a gross indicator of metabolic activity) is
high, following harvest. This increase is essential to provide the energy required for
callous formation and wound healing. When these processes are completed and
the tubers are in store, the respiration rate declines and remains low throughout
dormancy. Another rise in metabolic activity is observed coinciding with dormancy
break. This is represented by a decline in macromolecules and an increase in their
monomeric constituents, illustrated by an alteration in the starch/sugar ratio.
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Genetic control of tuber dormancy

Cultivated potato varieties demonstrate a wide range of values for the length
of the dormant period. Cultivars emerging from modern breeding programmes
generally have short dormancy duration, whereas long tuber dormancy is generally
found in wild potato populations. Because dormancy duration is not related to a
cultivar’s earliness of maturity, it is possible to breed late maturing varieties, which
display relatively short dormancy and early varieties which display relatively long
dormancy.

Bud break

The dormancy observed in postharvest potato tubers is de ned as endodormancy
and results in the suppression of meristem growth. Dormancy is characterized by the
absence of visible bud growth. Dormant eyes will not sprout even if the tubers are
stored under conditions, which are conducive to sprouting. The only portions of a
tuber that can grow are the tiny clusters of cells in depressions on the tuber surface
known as eyes. Dormancy is considered to have terminated when 80% of the tubers
have produced sprouts approximately 2mm long.

Figure 1.
Bud break on a seed tuber. (Photo © Author)

Prior to the appearance of visible bud growth, hormonal activity commences in the
tuber. This triggers the onset of enzyme activity and the degradation of starch to
sucrose. The availability of sucrose is one prerequisite for bud break. In the absence
of sucrose, no bud break occurs. Storage proteins are broken down to polypeptides
and amino acids. After dormancy, the tuber bud ‘awakens, sprouts start to grow
intensively (Fig. 1), ultimately with the formation of roots at their bases. Tuber
sprouting is usually initiated from its apical bud, located opposite the basal tuber-
stolon connection site

Dormancy duration

The length of the dormancy period is under environmental, physiological and
hormonal control. The dormancy period depends on the genetic background
and is a ected by preharvest and postharvest conditions. The duration of the
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endodormancy period is primarily dependent on the genotype, but other factors,
such as growth conditions of the crop and storage conditions after tuber harvest, are
also important.

Tubersfromafully mature crop have longest dormancy. Tubersfromacropa ected
by heat or water stress or infected with disease have shorter dormancy.

Each variety and eld has its own period of natural dormancy and when that
period expires the eyes begin to sprout. Wounding the seed tuber —in practical terms
by cutting the seed - reduces the period of dormancy and induces sprouting.

Dormancy duration is also a ected by tuber size, with small tubers (minitubers)
having dormancy duration approximately 140 days. By contrast, dormancy for 100g
seed tubers approaches 90 days.

The e ectof temperature on dormancy duration

Tubers stored at warm temperature will sprout weeks before those stored in the cold,
producing a single bud. Over the range of 3°C to 25°C the length of tuber dormancy
is inversely proportional to storage temperature. The e ect of temperature on
dormancy break is not absolute, since for any given temperature the duration varies
for di erent cultivars. When dormancy is released, sprouting of the apical bud may
be inhibited by cold temperature (enforced dormancy).

The e ectofdesprouting

In some potato cultivars, the development of the apical sprout inhibits the
development of secondary sprouts. When the seed tubers are required as planting
material for another crop of seed tubers, desprouting — or removal of the dominant
sprout, will permit dormancy break at secondary eyes. The seed tuber will now
produce multiple sprouts.

If a crop is destined for processing, large tubers are required, then single sprouts
are useful. Seed growers, by contrast, require a high population of tubers in the 35-
55mm size grade. The most e ective way to produce a crop with this size distribution
is to plant seed tubers, which already have formed multiple sprouts. The increased
number of sprouts per seed tuber will likely produce a plant with multiple stems.
The resulting interstem competition for light, water and nutrients will restrict tuber
size development and result in an increased population of tubers of the required
size grade. If this practice is to be successful, the desprouting should be carried out
immediately after the apical sprout has formed. Delaying desprouting wastes seed
tuber reserves, which have been invested in sprouts which are now discarded.

Breaking dormancy

When only one crop per year is grown, dormancy duration is rarely signi cant.
In regions where more than one crop is produced, long dormancy is a severe
disadvantage as it delays the target planting date for the subsequent crop. During
dormancy, potato tubers cannot be induced to sprout without some form of stress
or exogenous hormone treatment. Seed tubers, where dormancy is interrupted
chemically, often produce asingle apical sprout. This sprout gives rise to asingle stem,
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which will then produce a few large tubers. These seed tubers can be considered
as physiologically young and would be expected to provide a high yield if a long
growing season could be availed of.

Tubers have been subjected to a range of stresses to promote dormancy break:

Gibberellic acid
Gibberellic acid (GA,) promotes the growth and elongation of cells. Freshly harvested
tubers are cleaned and dipped in a 5-10ppm solution of 10 to 20 minutes. Treatment
with GA, tends to promote the emergence of a single apical sprout. If a multi-sprout
seed is required (to produce a crop of seed size tubers) the apical sprout can be
rubbed o and subtending eyes will sprout.

The e ectiveness of GA, in breaking dormancy was enhanced when a trace
element mixture was combined.

Thiourea

Thiourea is an organosulphur compound. It has a molecular structure similar to urea,
except a sulphur atom replaces the oxygen atom. Seed tubers can be soaked in a 1%
aqueous solution for one hour. Entry to the tuber is gained through cuts and bruises
sustained during harvesting. If wounds have healed then a couple of cuts should be
made to the heel end of the tuber.

Ethanol

Ethanol or ethyl alcohol or ‘drinking alcohol’ is the principle type of alcohol found in
alcoholic beverages. When mini tubes were treated in a solution of 0.5% ethanol plus
1% sucrose, they broke dormancy at 3 to 5 days after treatment.

Temperature treatments

When potatoes are held in store, uctuating storage temperatures shorten dormancy
more than constantly high temperatures. Dormancy break is promoted by keeping
tubers in the dark at 18 to 25°C until sprouting occurs. This treatment works well for
early maturing cultivars.

A variation on the raised temperature treatment just described is to provide a cold
shock by holding the tubers at 4°C for 2 weeks and the storing them at 18-25°C until
sprouts develop. In the absence of controlled environment stores, this treatment is
not very practical.
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When tubers attain their nal sizes and no further assimilates arrive from the
shoot, they assume a deep dormancy; during this phase, sprouting will not
occur even if the tubers are held under optimal conditions.

Dormancy is controlled by the interactions of major plant growth regulators,
predominantly the ratio of gibberellin (GA) and abscisic acid (ABA).

Dormancy serves to protect tubers as organs under conditions unfavorable for
growth. During this period, tubers are highly resistant to pathogen attacks.

Prior to the appearance of visible bud growth, hormonal activity commences
in the tuber. This triggers the onset of enzyme activity and the degradation
of starch to sucrose.

Tubers stored at warm temperature will sprout weeks before those stored in
the cold, producing a single bud.

Fluctuating temperatures in the store shorten dormancy, compared with a
constant temperature.
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Section 4

Sprout Growth

Introduction

Potato tubers serve as organs for vegetative propagation by providing a source
of substrate and energy to produce the next generation. The potato seed tuber
carries the genetic potential to deliver both high yield and desirable qualities. These
characteristics and qualities are passed on unchanged and undiluted thorough
successive generations. It also contains water and the metabolites including
carbohydrate reserves required to sustain sprout elongation during emergence,
before the new leaves can support growth. The shoot meristems, which form in
the eyes of seed tubers, are referred to as sprouts (or shoots). The development of
sprouts is the rst sign that dormancy had ended and the rst stage of vegetative
growth of the potato plant. This is an advantage conferred on potato, in that growth
can commence before the ‘'seed’is planted in the ground; but is not possible in other
crops.
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Figure 1.
Diagrammatic representation of the seed tuber and its developmental components.
(Image © tutorvista.com. With permission)

Sprouts possess multiple nodes and have meristematic tissue and leaf primordia
present both at each node and at the top, or distal end of the sprout. Sprouting
is a hormone mediated process. There is some evidence that the hormone indole
acetic acid (IAA), an auxin, plays a crucial role in sprouting. IAA is known to promote
apical dominance and through this mechanism, it suppresses the sprouting of lateral
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buds. At the earliest visible stage only small white buds are present, but as growth
progresses, sprout branching occurs when apical dominance is overcome, this may
happen following damage to the apex.

Potatoes are one of the few vegetable crops that are grown from a vegetative
propagule, the seed tuber, as opposed to a true seed, such as for example barley
or maize. Whereas barley and maize seeds are dried before storage, ‘seed’ potato is
stored fully hydrated. It isimportant therefore that the seed tubers be stored carefully
under cool conditions with di used daylight, to prevent excessive sprout growth and
the associated depletion of starch reserves

Seed tuber size

The e ect of seed size on tuber size distribution and total tuber yield has been
investigated extensively. When seed tubers are planted whole, they are usually
graded by size. Two sizes are common 35-45 mm and 45-55 mm. As a general
principle, seed tubers less than 35 mmm produce one or very few mainstems, leading
to the development of a few large tubers. Furthermore, if the newly emerged shoot,
arising from a small tuber, is damaged by frost, there may not be su cient reserves
to produce the additional growth to replace the damaged tissue.

Excessively large seed tubers can produce too many stems per hill, increasing
tuber set and reducing tuber size, as well as increasing the cost of seed. A solution
for large tubers is to cut them. An experienced person should only attempt this task,
as several criteria must be applied to ensure success. The large tuber must be cut to
ensure at least one eye per seed piece. Seed piece for optimal productivity should
range 43 to 85 g. Cutting knives should be sterilised regularly to avoid spreading
infection. Wound healing prior to planting should reduce the risk of seed piece decay
before emergence.

Number of sprouts per seed tuber

After a dormancy period of typically 12 to 16 weeks, dormancy is broken and the
apical bud sprouts. With the onset of sprouting, the tuber turns into a source organ
supporting growth of the developing sprout. This is accompanied by structural and
metabolic changes. Endogenous plant hormones play a critical role in the regulation
of dormancy duration and bud break.

The rst bud to produce a sprout is generally the apical bud (Fig. 2a). This is the
bud located at the opposite end of the tuber to the stolon attachment point. During
the early stages of sprouting this apical sprout exerts dominance over the lateral
buds. Tubers planted at this stage of sprouting may have only a single stem or at
most a very few stems. Farmers growing crops for ware want few mainstems as this
condition results in fewer and larger tubers

As storage is extended this dominance of the apical sprout is weakened and
sprouts emerge from the lateral eyes. There is a tendency for tubers with multiple
sprouts to produce multiple stems. Farmers, growing crops for seed, aim to produce
multiple stems per seed tuber (Fig. 2b), as this increases the number of daughter
tubers, which develop.
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Figure 2.
Seed tuber with single sprout (a); multisprout (b) (Photos © Author)

Sprout length

The objective is to produce short thick sprouts with a green colour. Short sprouts
are associated with thickening at the basal end and therefore are not easily ‘rubbed
0 ' These sprouts have shortened internodes, well developed leaves and they have
a characteristic green colour due to the presence of functioning chlorophyll. The
ideal sprout length should not exceed 12mm. Sprouts of this dimension can resist
breakage during transport and planting (Fig. 3). When sprouts emerge above the soil
following planting, they are normally referred to as ‘stems’ or ‘shoots.
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Figure 3.
The ideal type of sprout, short, green and resistant to rubbing o (a); the ideal
storage conditions to produce short green sprouts. (Photos © Author)

When potato sprouts grow in darkness, they are white, etiolated and spindly due to
lack of light (Fig. 4). Growing long sprouts depletes the starch reserves in the tuber
and when these tubers are planted subsequently, there may be insu cient starch
reserves remaining in the seed tuber to support the elongation of the sprouts until
they emerge above the soil. Long sprouts are readily broken o during handling or
planting (Fig. 4). Producing new sprouts to replace them will further deplete the
starch reserves in the seed tuber.
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Figure 4.
Long sprouts, which are readily broken o  during handling and planting.
(Photo © Author)

Physiological age
At any one time the seed tuber has two ages; its chronological age and its
physiological age. Chronological age is the tuber age, measured from either tuber
initiation or harvest, without reference to environmental conditions. Chronological
age is more accurate when calculated from tuber initiation as this relates to a xed
point in tuber development. Measuring chronological age from harvest date is of
course much easier but less informative, as harvest date bears little relation to tuber
development. Di erent seed crops with the same harvest date can have di erent
physiological ages, with some seed sprouting and the other remaining dormant. This
is due to variation in the environmental experiences of the di erent crops.
Physiological age is de ned as the physiological condition of a seed tuber at any
time; it is the internal age of the seed resulting from biochemical changes taking
place within the tuber throughout its development. Physiological age can also be
de ned as the state of the seed tuber, which in uences its production capacity. In
practical terms it describes the readiness of the seed tuber to grow and growing in
this instance means sprout formation, which implies that the physiological age of the
seed will have an impact on how the new crop grows. Physiological age depends on
both the chronological age and environmental conditions. The onset of dormancy
in the apical zone at the tip of the stolon undergoing transition to tuber formation is
sometimes recorded as the starting point for accumulation of physiological age.
Physiological age isa ected by two factors, which in uence internal biochemistry:

® Genetic predisposition and
® Environmental stress during eld growth.

Genetic predisposition is de ned by the cultivar. Environmental stresses in the eld
are primarily moisture, temperature, nutrients, pest injury, and mechanical damage.
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In storage, stresses are temperature, moisture, aeration, bruising, and disease. During
post-harvest storage, potato seed tubers undergo considerable changes in their
physiological state. These in uence their sprouting capacity, which consequently
in uences the yield of the crop. The storage temperature regime experienced by the
seed tubers, post dormancy break and prior to planting. is a signi cant determinant
of physiological age.

Potato variety also a ects physiological age. Some varieties have a long dormancy
period and will have physiologically younger tubers than varieties that break
dormancy early in storage and commence sprout growth. When sprout growth in
three cultivars (early maturing, medium and late maturing) was compared, the sprouts
were longer in the early, than in the medium, than in the late maturing type.

Physiological age hasimportant practical implication for potato growers. In regions
where it is possible to plant two crops per year, growers need cultivars, which are
ready to sprout soon after the rst crop is harvested. It is very risky to plant dormant
seed since they may not sprout and then the tubers are wasted. But even when small
sprouts have formed prior to planting the seed is still ‘young’ and normally only a
single or at best a very few shoots establish.

At the other extreme, in regions where the climate is only suitable to permit one
crop per year, then the seed must be stored for up to 7 months. Unless the grower
has access to controlled temperature storage the seed tubers will break dormancy
and produce excessive sprout growth prior to planting. Again this has signi cant
practical implications for the grower as such seed will produce a restricted canopy
and a reduced yield.

Several economic and agronomic reasons can be advanced to support the use of
physiologically aged seed. There is often a signi cant price premium paid for the rst
crops of potato brought to market. The price premium will nearly always compensate
for the yield reduction resulting form early harvest. Planting physiologically aged
seed will signi cantly reduce the yield penalty associated with early harvest.

Where a short growing season in expected due to the early onset of drought or of
defoliating diseases such as Phytophthora infestans, physiologically ageing the seed
will also produce a commercially acceptable tuber yield, despite an abbreviated
growing season.

Measuring physiological age

It is widely recognised that planting seed tubers of di ering physiological ages will
produce widely di erent results —expressed as variation in tuber yield and tuber size
distribution. Due to the e ect of physiological age on crop growth and development,
the topic has been researched extensively for more than 50 years.

Currently there are two concepts to express physiological ageing. One method
assumes that physiological age is the accumulation of age from the date of tuber
formation until that seed tuber is planted. There is no di culty de ning the factors
that in uence physiological age, but how to measure the impact of environmental
and storage factors? A physiological age index has been developed which factors
in both chronological and physiological age. It “utilises the haulm killing date of the
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seed crop and the end of the incubation period of the seed tubers, measured under
standardized conditions” (Caldiz et al. 2001).

Another method assumes the clock of physiological ageing commences with the
break of dormancy and accumulates with sprout growth. Sprout growth is largely
temperature dependent and ceases when tubers are stored at 4°C. A practical
approach to measuring accumulation of physiological age is to note the date of
dormancy break (sprouts 1-3mm) then commence logging the accumulation of day-
degrees greater than 4°C. An accumulated value of 200 day degrees >4°C will provide
seed tubers which are capable of early emergence and establishment, then a high
yield at early harvest. For maximum yield at late harvest, physiologically young seed
should be planted.

Table 1
Characteristics of young versus physiologically old seed
Young Seed Old Seed
Slow emergence Rapid emergence
Fewer stems per hill More stems per hill
Longer tuberisation period Uniform tuber set
Low tuber set Higher tuber set
Long tuber bulking period Shorter tuber bulking period
Larger tubers at harvest Smaller tubers at harvest
More foliar growth Less foliar growth

Sprout growth rate

Sprout growth is a heterotropic process, relying on the remobilization of assimilates
stored in the seed tuber. Since the energy required to power sprout growth is derived
from respiration, it would be expected that soil temperature would exertasigni cant
in uence. Below 2°C no growth takes place and the sprout will not emerge. The
planting depth of the seed tuber will also in uence the time from planting to
emergence and seed tubers with longer sprouts at planting would be expected to
emerge sooner. Sprout growth rates of between 0.5 mm and 2.0 mm per day degree
have been recorded and a typical value might be accepted as 1.0 mm dd*above a
base temperature of 2°C.

Sprout disorders

Little potato disorder

At very high levels of physiological age, a disorder known as “little potato” formation
is observed. Small tubers are formed on stolons emerging from the seed tuber before
the sprouts emerge above ground. This disorder is also observed when ‘warm’seed is
planted into cold soil that has not warmed su ciently before planting.
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Coiled sprout

The most common characteristic is bending (coiling) thickening and swelling of
sproutinternodes, coupled with non emergence from the soil. This is most commonly
observed when seed with high levels of physiological age (long sprouts) are planted
in cold soil. Deep planting also enhances the development.

Figure 5.
Some examples of sprout disorder. (Photo © CIP, with permission)

Figure 6.
Daughter tubers formed directly on sprouts
(Photo © Author)
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Dormant

@ Potatoes do not sprout at all

@ Dormancy period varies depending on
cultivar

@ Chemical and non chemical means of
breaking dormancy

Young

@ Young seed is characterised by apical
dominance

@ Minimal sprouts

@ Sprouts come of apical end of tuber

@ Fewer stems per tuber

® Fewer tubers but large in size

Middle
aged

@ Multiple sprouts
® Loss of apical dominance
@ Multiple stems (eg 3-6) per plant

@ High number of tubers per plant, but reduced

size.

@ Middle aged seed that has been de-sprouted

should be considered old seed

Old

@ Excessive branching of sprouts

@ Sprouts weak and do not produce vigorous

plant

@ proliferation stems that lack vigour to bulk

tubers

Little
tuber
disorder

@ Small tubers form on the sprouts giving rise

to little tuber disorder
@ This seed age should not be used.

Figure 7.

Diagrammatic representation of various sprouting stages (Photos © Author)

59




Ideally, prior to planting, potato seed tubers should be rm and still holding
the shape they had at harvest time.

Shriveling of the skin, the appearance of wrinkles and the development of a
soft spongy feel accompany excessive sprout growth.

Physiologically young seed produces vigorous stems, whereas seed tubers
with excessive physiological age produce stems with reduced vigour.
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Section 5.

Soil Preparation and
Seed Potato Planting

Introduction

Planting the potato crop presents the farmer with a range of choices: where to plant
the crop, how to prepare the seed bed, what variety of potato to plant, what distance
between seed tubers, what distance between rows, also what fertiliser to apply. A high
yield of tubers is achieved when all the foregoing issues are addressed correctly.

Where to plant the crop

Growers with small landholdings may not have much choice in deciding where to
plant. Nonetheless some rules apply. Planting potatoes in the same area of ground
during successive seasons will encourage the buildup of pathogens and pests, which
attack the crop. It is essential therefore to consider crop rotation — or in other words,
how long has it been since the last potato crop planted in this area of the farm and
what other crops have been planted since. Repeatedly planting potatoes exposes
the site to the risk of infection with bacterial wilt. Volunteer potatoes carry over the
disease during the break crops and the infection spreads. Crop rotation and its' role
in containing the spread of bacterial wilt will be considered in Section 18.

Soil type is a further consideration when deciding where to plant the crop. While
again it is recognised that a farmer may have limited choice, it is fortunate that
potatoes will grow well on a range of di erent soil types. The ideal eld in which to
plant a potato crop, will have a deep, well-drained and friable soil.

In addition to tolerating a wide range of soil types, potatoes can tolerate a range
of soil pH values. Unlike other vegetables, potatoes can produce high yields when
grown in soils with pH 4.8-5.5. An advantage of growing at such low values is that
common scab is unlikely to cause a problem at pH values below 5.4.

However, despite their tolerance of low pH values, the highest yields are obtained
at values of 6.0 - 6.5.
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What variety to plant

The major choice is between deciding to plant home saved seed of local varieties or
to plant clean seed from one of the new improved varieties. Planting new improved
varieties, using the modern agronomy and applying granular fertiliser can provide
yield increases of at least 3-fold compared with planting local varieties using
traditional procedure.

Note: Purchasingseedtubersfrom anunknown source, exposes the farmerto significant
risk. Seed tubers may show no visible symptoms and yet they may carry virus
or even worse, bacterial wilt. A concerted effort is required to educate farmers
regarding the risk from purchasing and planting seed from an unknown source.
Cheap seed, that contaminates your field, is not a bargain!

Preparing the seed bed

For a good seedbed, the ratio of air, soil and water must be optimal. A biochemical
process known as respiration supplies the energy required for the sprout to extend
and push up through the soil then nally emerge overground. Through respiration,
starch in the seed tuber is converted to sugar. Oxygen is necessary to facilitate the
breakdown of this storage starch and convert it to the sugar required to support
sprout growth and extension.

When potatoes are planted in elds where the soil is prone to compaction, tillage
operations should not be conducted when the soil is wet. Compacted soil contains
less oxygen and restricts the movement of water down to the root zone. Growers
should exercise caution with soil compaction - the seed bed must be su ciently

rm that the rootlets come immediately in contact with the soil particles, yet the soil
structure must be open enough that the roots can readily penetrate.

Potatoes grown from seed tubers initially form adventitious roots at the base of
each sprout. At later growth stages, roots grow from above the stem nodes that are
covered with soil. Potatoes are a shallow rooted crop with a poor capacity to explore
alarge volume of soil. The vast majority of the roots will be found in the zone 0-0.6 m
deep. Because of this they require a well-tilled seedbed since both roots and tubers
are sensitive to soil compaction.

Soil moisture has a marked in uence on seed tuber emergence. If the soil is too dry
following planting, emergence is delayed and the number of mainstems is reduced.
Conversely, seed potatoes will not grow well if planted into wet soil. The oxygen
required for tuber respiration and associated sprout growth will be excluded and this
will impact negatively on plant emergence. Growers should try to ensure that the soil
is loose and well draining but capable of retaining moisture.

The soil should be free from clods with a nely crumbled lose layer that can retain
moisture but not restrict air supply. Time spent preparing the seed bed is time well
spent. The success of the crop is highly in uenced by the ease with which the roots
can explore the soil volume and the capacity of the soil volume to retain moisture
and nutrients.
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Planting the crop

Select disease free seed

Inspect seed for disease symptoms prior to planting — a diseased seed tuber cannot
produce a healthy plant! and in addition — planting diseased tubers will introduce
pathogens or add to those already present in the soil.

Some disease symptoms can be treated, but if others are present, then the seed
lot should be rejected.

If more than 20 small or 10 large Rhizoctonia sclerotia are visible on one side of the
seed tuber, consider using adi erent seed source. Seed with less than 20 small or 10
large sclerotia should be treated before use. Treating the seed tubers with a mixture
of the fungicides utolanil and mancozeb has been shown to provided e ective
treatment for Rhizoctonia

Seed lots with less than one half of one percent (0.005) of tubers with Fusarium dry
rot symptoms can be used if the diseased tubers are removed and seed treatments
are used on the remainder of the lot. Again treating the seed tubers with a mixture
of the fungicides utolanil and mancozeb has been shown to provided e ective
treatment for Fusarium and reduced both the number of decaying seed tubers and
the level of sprout rot

Tubers with ve percent or more of the surface a ected with silver scurf should
not be used for seed. Silver scurf is caused by the fungus Helminthosporium solani. No
seed treatment has been shown to be highly e ective in controlling the pathogen
that causes this disease.

Seed lots with more than one percent of the tubers showing blackleg symptoms
or soft-rot symptoms caused by Pectobacterium carotovorum (Formerly known as
Erwinia carotovorum) should not be used. Seed tubers generally acquire blackleg
infection via the stolon. The symptoms will be therefore likely be rst observed at
the heel end and are normally easy to detect. Another possible entry route for the
pathogen into progeny tubers is via the soil. After the blackleg disease has induced
decay to the belowground stem and seed tuber, the infectious bacterium spreads
from infected tissue into soil water and is subsequently distributed throughout
the root zone, thus bringing it into contact with the progeny tubers. Bacterial cells
enter lenticels of the progeny tubers and either become inactive, or if conditions are
favorable, immediately initiate decay.

The presence of pinkeye, early blight or late blight lesions on the tubers could
provide a source of inoculum for new crop infections. This seed should not be used.
Know the source and history of a seed lot and try to avoid those that have had heavy
infection with Verticillium spp.

A bacterium-like organism Streptomyces scabies that overwinters in fallen leaves
and in the soil causes potato scab. It infects tubers when it enters through pores
(Ienticels) in stems, through wounds and directly through the skin of young tubers.
The organism can survive inde nitely in slightly alkaline soil but is relatively scarce in
highly acid soils. It is transmitted to plants by infected seed tubers, wind and water.
The organism is also spread in fresh manure, since it can survive passage through the
digestive tract of animals
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Seed-borne scab can contaminate a eld without a history of scab infection, so
therefore seed tubers displaying scab infection should be used only in elds with a
history of scab. Seed with scab should be treated to control this disease. High levels
of scab on the seed warrant rejection of the seed lot. Adjusting pH of the elds greatly
aids in the control of scab. Keeping soil moist during tuber initiation and during
early tuber development may have a dramatic e ect on common scab infection.
Maintain proper soil moisture during the logarithmic phase of tuber growth. Avoid
overwatering.

The “ ve percent rule” is a useful aid to guide the selection of seed lots. A seed
lot with ve percent or more total defects is too high to use. Seed cost is a large
outlay in potato growing. Each grower should strive to use the highest quality seed
obtainable.

Effect of varying the row width

The general range is 60 to 90 cm. When drills are formed manually and in nite choice
of row widths is available. Greater constraints are experienced when using machinery
to prepare ridges. Under conditions of late planting, with consequent restricted
growing period and the likelihood that canopy development will be limited and
not be sustained, a row width close to 60cm might be selected. Also for seed crops,
where the objective is to produce a large number of moderately sized tubers, a row
width of 60 cm is desirable. By contrast, where a long growing season is expected,
water and adequate fertiliser are available and ware sized tubers are desirable, then
consider a row width of 75 to 80 cm. This will permit maximum light interception by
the canopy without the risk of mutual shading by leaves growing in close proximity
to each other

Figure 1.
Demonstrating the e ect of varying in row seed tuber spacing (Photo © Author,
Diagram © Aardappelpagina, With permission ).

64



Effect of varying the in-row spacing

The primary factors controlling seed piece spacing are consumer demand, market
need (seed or ware crop) and the associated economic return. The cost of seed tubers
represent some 50% of the cost of establishing a potato crop so careful consideration
should be given to optomising seed piece spacing. The principles underlying the
e ect of varying in-row spacing are best illustrated in a practical training session
(Fig. 1)

As with row width, a wide range of values is possible but in general, distances
of 18 to 25 cm are typical. Cultivar characteristics such as tuber number per plant,
average tuber size and days to maturity need to be considered before deciding on
in-row spacing’s. Cultivars with high tuber set need wide spacing to produce ware
size tubers, while cultivars with low tuber set, need close spacing to avoid producing
extra large tubers. Excessively large tubers may develop defects such as hollow heart,
knobs and growth cracks

The main stems is widely considered the unit of potato crop production. When
growers seek to maximise tuberyield inaspeci cfraction they will attempt to achieve
this objective by manipulating the stem population.

Close seed spacing, with it’s related high stem density per unitarea, induces mutual
shading of leaves and limits the photosynthetic capacity to provide assimilates to
bulk each tuber. Wider than optimal spacing results in a delay in attaining full ground
cover and failure to capture all of the available photosynthetically active radiation;
consequently, reducing carbohydrate supply to the tubers. The choice of seed piece
spacing gives the grower the opportunity to manipulate tuber size towards the most
desirable fraction for the intended market

A range of options for optimum interplant spacing to maximise yield in seed and
ware fractions is presented in Tablel.

Table 1. Inter-row and intra-row spacing for seed pieces depending on the
intended purpose of the crop.

Crop Purpose Seed Size Within Row Between Row
Spacing Spacing
Seed Crop 45-55 mm 10-20 cm 65-75cm
35-45mm 10-20 cm 60cm
Ware Crop 35-55 mm 30-40cm 75¢cm

For table potatoes, the density is 40 000 plants/HA or 15-20 stems per m2,
For a crop intended for seed production, the density may be as high as 60,000 plants/
HA or 30 stems per m?,

65



Effect of seed size

Seed tuber size is one of the most recognizable attributes of seed quality, with large
seed having the highest rates of survival, growth and establishment. The importance
ofthisfactor haslong been recognised by growers so consequently, the topic has been
researched extensively. An example of one such study compared the performance
of 20 g seed tubers with that of seed tubers weighing 100g. The performance of
the small seed demonstrated lower yield per stem and lower leaf weight per stem
compared with the larger tubers. Seed tubers heavier than 100 g produced more
sprouts with longer length and produced a higher ground cover and yield compared
to small potato seed tubers.

Seedsize notonly hasane ectonstemnumber, butalso on the early development
of the crop through possessing a larger number of eyes and greater reserves of water,
carbohydrate and mineral nutrients. These attributes will produce and sustain an
increased number of main stems.

SEED SIZE: STEM NUMBER-STEM VIGOUR

[ R L

Figure 2.
Graphical illustration of the e ect of planting seed tubers of increasing size.
(Diagram © Aardappelpagina, With permission)

Variation in seed tuber size can result in signi cant variation in tuber yield. There
is a complicated relationship between seed tuber size and seed tuber weight;
furthermore, it can vary between cultivars due to variation in tuber shape, and can
vary between years and even between batches grown at di erent locations in the
same year. An example inillustrated in Fig. 3—where a 40mm tuber can vary between
38and 56 g.
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Figure 3
Graphical representation of the relation between seed tuber size and weight.
(Diagram © Aardappelpagina, With permission).
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Regulations governing the size of seed tubers vary depending on the country
of origin or based on import requirement. Tubers ranging 35 to 55 mm are widely
accepted as providing satisfactory results when planted under normal conditions.

Beware of planting ‘small seed’ (<35mm); should the sprouts su er damage from
a late frost episode, the reserves in the small seed tuber may not be su cient to
support the regrowth and there will be blank spaces.

Effect of stem density on yield and tuber size

Mainstem density signi cantly in uences the crop yield and tuber size distribution.
Main stems act as independent entities and increasingly, the main stem is regarded
as the unit of plant density. The number of stems per m? is a more accurate statistic
to express crop density than number of plants per hectare.

Total yield increases until a density of approximately 15-20 stems per m?is reached.
With a further increase of stem density the yield remains more or less similar, but the
average tuber size decreases (relatively more small tubers (Fig. 4). Unfortunately it is
notoriously di cult to predict main stem emergence by referring to any of the seed
matrices, size, number of eyes, physiological age etc.

Tonnes/hectare

30 35 mm
a0 i~

30 /’—\ >45 mm

" /\
>55mm
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5 10 15 20 25 30 25 40
St:emslfmz

Figure 4.
Graph relating stem density, yield and tuber size. (Diagram © Aardappelpagina,
With permission).

Planting depth

The seed should be covered with a layer of soil of su cient depth to prevent the
ridge from drying out too soon. Moisture stress after planting will delay emergence.
Cooler temperatures, resulting from the deep cover, promote stolon growth and
tuber formation. Consider a planting depth of 20 cm. from the seed piece to the top
of the ridge.
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When selecting a planting depth, a second consideration is to ensure that the
stolons will not grow to the edge of the ridge and expose the ends of the tubers to
the light. Greened tubers cannot be used for human consumption. Again, aim for a
width of 25 cm at the top of the nished ridge.

When drill formation and ridge building is carried out by hand, the grower can
select the optimum planting depth. During subsequent tilling and hilling operations,
more soil can be heaped onto the ridge until the desired depth is attained. A wide
hill is preferable to a high hill and this point should be considered when selecting an
inter row spacing. A wide high hill also protects the root system from moisture and
temperature stress during the tuber bulking phase. In addition, a wide hill a ords
protection to the potato roots during interrow cultivation to remove weeds and
during ‘hilling up:

If heavy rains are expected the top of the ridge should tend towards a sharp point.
By contrast, if low rains are expected a atter top should be formed, since this will
permit capture of the available moisture and direct it downwards towards the plant
roots.
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Asuccessful crop can be grown by selecting, the correct planting date, planting
the seed tubers at the optimum density (dictated by the target market) and at
an even and correct depth.

E ort expended to source and select clean seed tubers will be rewarded.

Remember the Golden Rule:
@ Plant clean seed

@ Inclean soil

@ Harvest a clean crop.

Sources accessed in the preparation of this section.

Gullboglu, Leyla. and Arioglu, Halis, (2009). E ects of seed size and in-row spacing on growth
and yield of early potato in a Mediterranean-type environment in Turkey. African J. Agric.
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Otroshy, M. and Struik, P.C. (2008).E ects of Size of Normal Seed Tubers and Growth Regulator
Application on Dormancy, Sprout Behaviour, Growth Vigour and Quality of Normal Seed
Tubers of Di erent Potato Cultivars. Research Journal of Seed Science, 1: 41-50.

Wright D.N., Bishop J.C., Harvey O.A,, Baghott K.G., Voss R.E. & Timm H. (1977). Potato preplant
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Section 6.

Crop Nutrition

Introduction

After emergence, the potato plant sustains growth by utilising assimilates produced
in the shoot and by the uptake of water and nutrients by the roots. All the essential
nutrients must be supplied at optimal rates to produce vigorous plants, necessary
to support maximum tuber growth. Nutrient de ciencies limit canopy growth
and shorten canopy duration, resulting in reduced carbohydrate production and
tuber growth rates. Excessive fertilizer applications can modify the partitioning of
assimilates and cause nutrient imbalances that delay or slow tuber growth rates.
Either de cit or excess fertilizer situations can reduce tuber-bulking rates.

Central to the understanding of potato crop nutrition is the knowledge of how
soils hold nutrients and how the plants use them. A fertile soil combines a mixture
of a variety of minerals, many di erent types of organic matter in di erent stages of
decay, and a large population of living microorganisms. The complex make-up of the
soil permits it to hold a large quantity of water, which it provides to plants.

In addition to water, the soil supplies the plants with the thirteen mineral
nutrients required for normal growth and development. These nutrients (in the ionic
forms taken up by the root) are nitrogen, phosphorus, potassium, sulfur, calcium,
magnesium, iron, manganese, boron, chlorine, zinc, copper, and molybdenum.

These mineral nutrients exist in two forms, both as constituents of the soil particles
and as dissolved ions in the soil water. Root uptake systems facilitate taking these
nutrient ions and water from the soil and moving them into the root tissues.

Soil pH

Soil pH or soil reaction is a measure of the acidity or alkalinity in soils. pH values
normally range from -1 to 14, with 7 being neutral. A pH below 7 is acidic and above
7 is alkaline. Soil pH is sensitive to changes in soil management processes resulting
from human activity. Soils become acidic in reaction with increasing number of years
in cultivation. Acidic conditions are also induced:
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(1) When heavy rainfall leaches away the basic ions calcium, magnesium, potassium
and sodium.

(2) When carbon dioxide, formed in the soil, from the breakdown of organic matter
and root respiration, dissolves in soil water to form a weak organic acid.

(3) When urea and DAP are oxidised, strong inorganic acids such as nitric acid is
formed.

Soil pH is a commonly measured soil property. It is considered a most useful and
informative soil parameter because of its relationship to many aspects of soil fertility
and plant growth.

Soil pH controls many chemical processes that take place in the root zone and it
speci callya ects plant nutrient availability by controlling the chemical forms of the
nutrient. The optimum pH range for most plants is between 5.5 and 7.0, however
many plants’such as potato can thrive at pH values outside this range.

Soil pH in uences potato plant growth through in uencing the solubility and
availability of nutrients. Fourteen of the seventeen essential plant nutrients are
obtained from the soil. But before a nutrient can become available to plants, it must

rst be dissolved in the soil solution.

A pH range of approximately 6 to 7 promotes the ready availability of most plant
nutrients (Fig. 1). At high pH values (6-7), the availability and uptake of certain
elements such as Ca and Mg increase. By contrast, low soil pH values can bring
elements such as aluminium to toxic levels of solubility.
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Figure 1.
In uence of soil pH on nutrient availability. (Ref. Truog 1946).
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Plants take up nutrients as ions, that is, within charged atoms or molecules. lons
can also a ect important soil factors like pH, nutrient availability, water retention,
and ultimately plant growth. Positively charged ions are called cations and negatively
charged ions are called anions. Cation Exchange Capacity (CEC) is the measurement
of a soil's ability to bind positively charged ions (cations), which include many
important nutrients. Again in the simplest terms, cations are key in the chemical
bonding process that allows certain types of soils to retain vital nutrients. Thus the
higher the CEC, the higher the soil fertility.

The availability of most macronutrients (nitrogen, phosphorus, potassium, sulfur,
calcium, and magnesium) decreases as soil acidity increases (Fig. 1). Therefore,
application of lime to moderately acid soils tends to increase the availability of these
nutrients. On the other hand, the availability of most micronutrients is decreased as
soil pH increases. Under these conditions, nutrient de ciencies may occur in response
to excessive lime application.

Negative e ects of soil acidity on plant growth are generally not only caused by
a single factor, but several that a ect normal plant development. The main factors
that typically a ect plant growth in acidic soils includes toxicity of hydrogen ion
(H*), aluminum, and manganese as well as de ciency of essential nutrients such as
phosphorus, magnesium, and micronutrients. Despite crop tolerance to moderate
acid conditions, nutrient use e ciency can be a ected by soil pH. Soil acidi cation is
a progressive problem in all cultivated soils, which leads to loss of organic matter, soil
compaction, release of metals to toxic concentrations and excessive clay weathering.
Soil acidity a ects root development, leading to reduced nutrient and water uptake.

Aluminium toxicity is a widespread problem in acid soils. Aluminium is present
in all soils, but dissolved AL* is toxic to plants; AlL,* is most soluble at low pH. Above
pH 5.2 little Al is in soluble form in most soils. Aluminium is not a plant nutrient,
and as such, is not actively taken up by the plants, but enters plant roots passively
through osmosis. Aluminium inhibits root growth; lateral roots and root tips become
thickened and roots lack ne branching; root tips may turn brown. In the root, Al has
been shown to interfere with many physiological processes including the uptake and
transport of calcium and other essential nutrients, cell division, cell wall formation,
and enzyme activity.

The contribution of urea and soluble phosphate fertilisers such as DAP to soil
acidi cation is not being addressed in potato growing regions in Sub-Saharan Africa.
Potato growers rely on urea and DAP for soil nutrition. It is widely recognised that
both those products contribute to soil acidity. For every kilogramme of urea and
DAP fertiliser added to the soil 6.6 kg and 7.9 kg respectively of calcium carbonate is
required to neutralize the acidity.

Adding lime to the soil not only increases soil pH but also replaces hydrogen
ions, thereby eliminating most major problems associated with acid soils. It also
contributes two nutrients, calcium and magnesium to the soil. Furthermore, lime
increases the availability of added phosphorus and increases the availability of
nitrogen by hastening the breakdown of organic matter. Liming materials leave no
objectionable residues in the soil.
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A number of factors a ect the amount of lime required to ameliorate soil acidity;
among them, existing soil pH, soil structure and the amount of organic matter. In
addition, various crops have varying requirements for soil pH and consequently the
amount of lime required

Soil organic matter

Soil organic matter (SOM) is a dynamic and large reservoir of carbon, which is subject
to change due to changes in management practices and crop rotation sequences. It
constitutes one of the most complex components of agricultural soils. Organic matter
plays a vital role in regulating the ow and supply of plant nutrients and water ow,
also determining physical attributes of soils.

SOM is a soil component consisting of plant and animal residues at various stages
of decomposition, cells and tissues of soil organisms, and substances synthesized by
soil organisms. SOM increases solil fertility by acting as a reserve of plant nutrients,
especially nitrogen, phosphorus, and sulfur, along with micronutrients, which are then
slowly released upon SOM mineralization. As such, there is a signi cant correlation
between SOM content and soil fertility. Organic matter retains plant nutrients and
prevents them leaching to deeper soil layers. Microorganisms decompose organic
matter, which contributes to mineralization and immobilization of N, P and S. Thus,
they contribute to the gradual and continuous liberation of plant nutrients. Soil
organisms retain available nutrients that are not taken up by the plants. In soils
depleted of organic matter, these nutrients would be lost from the system through
leaching and runo .

The bacterial activity that releases nitrogen from organic matter and certain
fertilisers is particularly a ected by soil pH; bacteria operate best in the pH range of
5.5 to 7.0. Acidic conditions are particularly detrimental to soil bacterial activity.

Soil organic matter a ects both the chemical and physical properties of the soll
and also its overall health. The properties in uenced by organic matter include:
soil structure; moisture holding capacity; diversity and activity of soil organisms.
Increasing the topsoil organic matter by 1% will increase the capacity of each hectare
to hold an additional 100,000 liters of water.

Soil testing

Prior to planting a potato crop, it is advisable to have the soil tested to determine
the pH value and the level of macronutrients. Conventional practice in Sub-Saharan
Africa is to apply urea and DAP at standard rates, irrespective of crop history or soil
type. It is to be hoped that soil testing will become widely available and that the
practice of standard application will soon be at an end.

Crop Nutrition

Potato plants require three factors for growth: light, water and nutrients. The nutrients
can be supplied from either chemical or biological sources. Farm-yard manure being
an example of a biological source. But before it becomes available for plant growth,
the FYM must be broken down to its chemical constituents. These chemical elements,
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when dissolved in water, become constituents of the soil solution. Plant roots absorb
elements from this medium. Because potatoes have a poorly developing root system,
it is obligatory that all the essential nutrients be supplied at the right rate, the right
time, and in the right location to ensure the crop delivers its yield potential.

The total collection of nutrients required by potatoes can be subdivided into three
categories, based on demand. The highest requirement is for the macronutrients,
nitrogen, phosphorus and potassium. Potatoes have a lower demand for a group
of nutrients referred to as secondary nutrients, sulfur, magnesium and calcium. In
trace amounts potatoes require the micronutrients, iron, manganese, zinc, boron,
copper, chlorine and molybdenum. The macronutrients, N, P and K are rarely present
at su ciently high levels in the soil to provide an economic yield and therefore
must be supplemented by the farmer. The secondary nutrients and micronutrients
are generally present in the soil at adequate levels to sustain crop growth, except as
described earlier, when they are unavailable due to inappropriate soil pH values. In
such cases, it would be cheaper to adjust the soil pH, than to apply the micronutrient
as a supplement. Finally the essential elements C, H and O are available from the air
as carbon dioxide or from the soil as water.

Macronutrients

Nitrogen nutrition
Agricultural crops have a considerable dependence on inorganic nitrogen and 85—
90 million metric tonnes of nitrogenous fertilizers are added to the soil worldwide
annually. Due to the cost associated with manufacture, nitrogen is one of the most
expensive nutrients to supply and commercial fertilizers represent a major cost in
potato crop production.

Nitrogen is a key element in potato growing and required by the plant’s roots and
shoot throughout the growing season. Nitrogen gas makes up 80% of the earth’s
atmosphere, but this gaseous nitrogen is unavailable for plant growth. Bacteria play
an essential role in making atmospheric N available for plant growth.

Some of the nitrogen required to produce a crop of potatoes will be available from
soil resources (Fig. 2) but this will normally need to be supplemented by additional
supplies. Nitrogen is an essential component of proteins, nucleic acids and enzymes.
Along with magnesium, it is a major constituent of chlorophyll, the green coloured
compound that traps sunlight and utilises the solar energy to manufacture the
products required for growth and development. Pale green new leaves, yellowing
of older leaves, slow growth and stunted growth, are likely symptoms of nitrogen
de ciency.

Protein synthesis describes the production of proteins required for plant growth.
Potato plants have a high requirement for nitrogen to produce the amount of protein
required by the leaves, roots and tubers.

Nitrogen fertiliser exists in many chemical and physical forms. Potato plant roots
can take up several chemical forms of nitrogen. The most common are ammonium
(NH,"), nitrate (NO,) and urea ((NH,)2CO). Natural processes in the soil can convert one
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Figure 2.
Nitrogen cycling pathways through the soil, plant and bacteria
(Ref. Wikipedia)

form to another. The nitrogen in urea is completely water-soluble. Upon application,
urea nitrogen changes rapidly to NH,-N. Urea nitrogen therefore is readily available
to plants on application to the soil.

Ureais the most widely used dry nitrogen fertilizer in the world. After application to
soils, urea is converted into ammonia, which can be held in the soil or converted into
nitrate. Ammonia volatilization following fertilization with urea can be substantial,
and if urea is applied to the surface of the land, without immediate incorporation
into the soil, considerable loss of nitrogen can occur.

Hydrolysis of urea by urease produces ammonium carbonate. With surface-applied
urea, alkalinity of pH 9 or higher can develop under the urea granule or pellet, and
ammonia will volatilize into the air. Volatilization occurs on bare ground, on debris,
or on plant leaves. Urea is readily soluble in water, and rainfall or irrigation after its
application will move it into the soil and lessens volatilization losses. Use of urease
inhibitors has been suggested to lessen the volatilization losses of ammonia from
surface-applied urea. Manufactured urea is identical to urea in animal urine

Currently there is considerable interest in the e cient use of N in agriculture. This
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arises not only because the di erent forms and pathways by which N can be lost
from soil can have adverse environmental impact, but also because losses of such an
expensive input are a direct cost to growers. There is much evidence to show that N
is used more e ciently on soils with more organic matter, and presumably a better
structure, so that roots explore the soil more e ectively to locate the nutrients. In a
study, tocompare the yield response of potatoes to increasing levels of N, the response
to N was always larger on soils with more soil organic matter (SOM) irrespective of
the amount of N applied, and the recovery of the applied N was greater where the
yields were larger.
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Figure 3.
Potato yield response to applied N when planted in soil with two levels of SOM,
1.3 and 3.4%, respectively. (Ref. Johnson, 2009)

Unlessitis possible to add large amounts of organic materials, it is not easy to increase
SOM in many arable-cropping systems. However, every attempt should be made to
conserve and increase SOM wherever possible because it improves soil structure and
thus the ability of plant roots to explore the soil and nd the nutrients required to
optimize growth and yield. This is especially so in relation to the acquisition of N and
P and thus theire cient use in agriculture

Crops vary in their demand for nitrogen. Potatoes, because they need to produce
a large canopy in a very short time, have a high requirement for nitrogen (Fig. 3).
Furthermore, this canopy must be sustained over the growing season, while it traps
solar energy and produces sugars and other products required for growth. Potatoes
need to take up nutrients, including nitrogen, throughout all of their eld growth
phase.

While adequate supplies of nitrogen can produce a high yield of tubers through
sustaining a vigorous canopy (Fig.4), excessive applications can delay the onset of
tuberisation and reduce yield, in situations where the growing season is restricted
due to shortage of water or infection with late blight. This reduction in yield is caused
by excessive partitioning of assimilates to the shoot, at the expense of the tubers.
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Figure 4.
Avigorous potato canopy. (Photo © Author)

Phosphorus nutrition

Phosphorus is the second most important macronutrient next to nitrogen in limiting
crop growth. Phosphorus is involved in an array of process in plants such as in
photosynthesis, respiration, in energy generation, in nucleic acid biosynthesis and as
an integral component of several plant structures such as phospholipids.

Crop yield is limited by phosphorus in about 40% of the world’s arable land. Total
phosphorus is about 0.1 percent by weight of the soil, but only one percent of that
is available. Of the part available, more than half comes from the mineralisation of
organic matter. Plant dry weight may contain up to 0.5% phosphorus. Phosphorus
is a limiting nutrient in several Sub-Saharan soils. Many studies indicate that total-P
and available-P are low and P-sorption capacity is relatively high. The low availability
of Pin the soil isre ected in the low content of active P forms.

Roots absorb P ions from the soil solution. Plants can only absorb phosphorus
from the solution phase but not directly from the solid phase. Solid forms must be
converted to liquid and then chemically converted to the mono- or diprotonated
phosphate (HPO,* and H,PO,) before the phosphorus is available to the plant. The
ability of the plant to absorb P will depend on the concentration of P ions in the soil
solution at the root surface and the area of absorbing surface in contact with the
solution. The P availability to plants may be limited by its low abundance in the soil,
but also, and very commonly, by its adsorption onto various soil minerals.

In acidic soils, phosphorus may be adsorbed by iron or aluminium oxides, and
various clay minerals. Many of the most fertile and productive soils in tropical zones
are derived from volcanic material containing allophane minerals, which have a large
phosphorus xing capacity. Phosphorus de ciency is often the major limitation
to crop growth on these soils, particularly where previous cropping has caused a
depletion of soil organic matter and increased acidi cation. Phosphorus de ciency is
also common on highly weathered tropical soils and siliceous sands; in fact, few soils
are naturally well endowed with this nutrient.

Phosphorus can be present in soils in two forms, inorganic and organic. In most
agricultural soils, 30-60% of the P is present in inorganic forms, although this fraction
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can vary from 5-95%. Phosphorus availability is controlled by solubilisation and
precipitation of phosphate in inorganic forms and through the mineralisation and
immobilisation of the organic fraction.

Inorganic forms of soil phosphorus consist of apatite (the original source of
all phosphorus), complexes of iron and aluminum phosphates, and phosphorus
absorbed onto clay particles. The primary inorganic form of P is found in crystalline
Al and Fe compounds in acid soils and associated with Ca compounds in alkaline,
calcareous soils. These are the most stable forms (least soluble) of P. Chemical
weathering releases the plant-available monohydrogen phosphate (HPO, %), and
dihydrogen phosphate (H,PO,”). These anions can interconvert readily, and the
predominant species at any given time is determined by the pH of the soil solution.
This chemical weathering reaction is slow, so very little plant available P is derived
from inorganic sources in the soil.

The solubility of these phosphorus compounds as well as organic phosphorus is
extremely low, and only very small amounts of soil phosphorus are in solution at
any one time. Organic phosphorus is found in plant residues, manures and microbial
tissues. As with organically bound N, organically bound P is not available to plants
and organisms because it cannot be absorbed into root cells without rst being
released from the organic molecule through mineralization. Decomposition of OM
provides much of the P required by plants, with the remainder being provided by
applied fertilisers. Three general types of compounds make up the bulk of the organic
phosphorus in plants, namely: phytin, phospholipids, and nucleic acids. Organic P
forms include both relatively labile pools such as phospholipids and nucleic acids
but also more resistant pools such as humic acids.

Total Phosphorus uptake in shoot and tubers per plant
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Figure 5.
Phosphorus uptake in shoot, tubers and shoot + tubers per plant over time.
(Ref Kolbe and Stephan-Beckmann, 1997).
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Despite its importance in plant growth and metabolism, phosphorus is the least
accessible macronutrient and hence the most frequently de cient nutrient in most
agricultural soils because of its low availability and its poor recovery from the applied
fertilizers. The low availability of phosphorus is due to the fact that it readily forms
insoluble complexes with cations such as aluminum and iron under acidic soil
condition; whereas the poor P fertilizer recovery is due to the fact that the P applied
in the form of fertilizers is mainly adsorbed by the soil.

Phosphorus is never readily soluble in the soil but is most available in soil with a
pH range centered around 6.5. Extremely acid and strongly acid soils (pH 4.0-5.0)
can have high concentrations of soluble aluminum, iron and manganese, which may
be toxic to the growth of some plants. Plants absorb most of their phosphorus from
the soil solution as orthophosphate (H,PO,), regardless of the original source of
phosphorus. Typical daily uptake of P per potato plant is shown in Figure 5. The most
widely applied form of P in Sub-Saharan African potato growing is di-ammonium
phosphate. DAP application signi cantly lowers soil pH, exchangeable Ca and Ca
saturation and increases soluble Al and exchange acidity

Phosphate deficiencies in potato

Potato has been described as the crop species with the greatest susceptibility to P
de ciency. Root size, shoot size (leaf size and stem growth) as well as tuber yield
and quality (set, number, size, speci ¢ gravity, starch synthesis and maturity) all have
been shown to be impacted by P de ciency. To ensure an optimum yield, potatoes
require adequate phosphorus from the earliest stages of growth.

Phosphorus plays arole in photosynthesis, respiration, energy storage and transfer,
cell division, cell enlargement and several other processes in plants, since it is a part
of the structure of DNA, RNA, ATP and phospholipids in membranes. Most metabolic
processes including cell division, cell expansion, respiration and photosynthesis are
reduced by phosphorus de ciency.

Itismoredi culttodiagnose phosphorusde ciencythanade ciency of nitrogen
or potassium. Often the only symptom of phosphorus de ciency is a general
stunting of the plant during early growth. Some crops, tend to show an abnormal
discoloration when phosphorus is de cient. The plants are usually dark bluish-green
in color with leaves and stem becoming purplish. The upper side of the leaves will
therefore acquire a darker green color. The lower side of the leaf and the stem often
turns purple, The purplish color is due to accumulation of sugars that favors the
synthesis of anthocyanin (a purplish-colored pigment), which occurs in the leaves of
the plant although it is more common to observe yield loss without these symptoms.
Chlorophyll and chloroplast formation is less a ected than cell and leaf expansion,

Large di erences between symptoms among potato cultivars occur, and some
will show purple color even though they are not de cient. In other cases, tuber
yield is reduced due to P de ciency, even though no visual symptoms are apparent.
De ciency symptoms in potatoes can be observed as stunted plants with shortened
internodes and poor root systems which can be seen right from the early stages of
growth. Under low P conditions, a greater proportion of total carbon production is
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used in root respiration than at adequate P levels. Therefore, overall haulm growth is
retarded by P de ciency, while root growth is less severely a ected, resulting in an
increased shoot/root ratio, although, tuber set is negatively a ected by P de ciency.

When potatoes were grown on P de cient soils there was a positive relationship
between P fertiliser application rates and both stem height and leaf area index.
Studies showed that the fertiliser application increased yield due to increased
radiation interception rather than to increased conversion e ciency. This is also in
line with further research, which suggested that the mechanism by which P fertilizer
may increase yields is through increased ground cover and radiation absorption.

When soil phosphorus is limiting, older leaves curl upwards and may develop
necrotic spots on the margins. The tubers may have rust-brown colored blotches and
plants are shorter with thinner stems. One possible result of lack of phosphorusin the
soil is that leaf stomata fail to open normally and this can result in plant temperature
rising by 10% higher than normal.

While potatoes are very responsive to applications of fresh soil phosphate, the
economic optimum rate is often very di cult to de ne. Rates will depend on sail
type and soil test results. In the absence of soil testing facilities, growers are forced to
rely on standard applications, without reference to soil P status.

Potassium nutrition

Potassium, along with nitrogen and phosphorus, is an essential plant macronutrient
that is taken up by crops from soils in relatively large amounts (Figures 6 and 8).
Although potassium is not a constituent of any plant structures or compounds, it
plays a part in many important regulatory roles in the plant. Potassium is especially
important in its interaction with nitrogen throughout the growth cycle as it helps
to improve nitrogen uptake from the soil and the subsequent conversion of this
nitrogen in the plant to amino acids and ultimately protein. Potassium plays a critical
role in enzyme activation, water use, photosynthesis, transport of sugars, protein
synthesis, and starch synthesis in plants. Adequate potassium in the eld results in
higher crop yields and higher nitrogen-use e ciency. Crops respond to additional
potassium levels when nitrogen is su cient, and greater yield response to nitrogen
occurs when potassium issu cient

Fertiliser materials containing potassium include such as muriate of potash (KCI),
sulfate of potash (K,SO,), double sulfate of potash and magnesium (K,SO, 2MgSO),
and nitrate of potash (KNO,).

Plants di er in their ability to take up K depending on several factors. The factors
thata ect availability of K in the soil and resulting plant uptake are soil factors, plant
factors, and fertilizer type and management practices. The chief soil factor is the soil
itself and especially the clay content. The cation exchange capacity (CEC) of the soil
re ects the soil’s ability to hold K and other cations and store them in the soil for crop
uptake. Clay minerals and soil organic matter are the soil constituents that contribute
to CEC. In general, the higher the CEC of the soil, the greater the storage capacity and
supplying power for K.

The major plant factor in uencing K uptake is the crop, since crops di er in their
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ability to take up K from a given soil. This is associated with the type of root system
and surface area of the roots. Grasses, for example, have a much greater capacity
to take up K than potatoes. Grasses having many more brous, branching roots,
increasing the K absorbing surface.

Potatoes take up more potash than many other arable crops. In the six weeks after
plant emergence, the crop will take in at least two thirds of the total K uptake. During
peak vegetative growth, potatoes may require 10 kg K,O/ha per day from the soil.
Maincrop potatoes contain the maximum quantity of potash about 80 days after
emergence and this may be more than 500 kg K,0/ha for high yielding crops (Fig.
6). As the tops die back and the plant matures, some potash is returned to the soil.
By harvest more than 75% of the maximum K uptake is found in the tubers, which
typically contain around 5.8 kg K,O per tonne of tubers

Puotash uptaks Tuber yisld
kg KOha tha
Potash uptake
\ 50
Tuber yiekd
25
AT I Jue MG SEPT 9
Figure 6.

Patterns of potassium uptake during the linear phase of tuber bulking for a crop
growing in the temperate zone. (Diagram. © PDA, UK. With permission.)

K e ciency describes the capacity of a genotype to grow and yield well in soils
low in available K. All the major economically important plants have displayed
genotypicdi erencesine ciency of K uptake and utilization. The biochemical basis
of K-e ciency is complex, comprising a mixture of uptake and utilization e ciency
mechanisms. An example of K e ciency is illustrated for improved K uptake where
a cultivar may have a larger surface area of contact between roots and soil and
increased uptake at the root-soil. An example of increased utilization e ciency is
where cultivars display better translocation ofKintodi erentorgans, greater capacity
to maintain cytosolic K* concentration within optimal ranges and increased capacity
to substitute Na* for K*. It was shown that a more K-e cient potato cultivar could
take up more K per plant due to its higher K in ux and this higher in ux resulted
because of its capacity to use higher non-exchangable soil K. Regression analysis
indicated that the capacity to use non-exchangable K is the main factor controlling
the K e ciency of di erent potato cultivars; followed by root length to dry matter
accumulation ratio and K in ux.
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The potassium in the soil may be found in reserves or pools. The pools for K are
described as: soil solution (K very available), exchangeable (K less available), non-
exchangeable (K hardly available) and xed (K rarely available). The dissolved K ions
in soil solution are readily taken up by crop roots and generally comprise between 2
to 5 mg/l in normal agricultural soils. The next most “available” fraction in the soil is
“exchangeable” potassium. These represent the two accessible fractions upon which
we can rely on for growing our crops.

Potassium has two major roles in the plant. First, it is involved in the activation
of enzymes that are fundamental to metabolic processes, especially the production
of proteins and sugars. This metabolic function requires only small amounts of K.
Second, K plays a biophysical role, by maintaining the water content and thus the
turgor of cells. The osmotic function of K* can be partially substituted for by Na*.
Turgid cells are essential for leaf vigor so that photosynthesis proceeds e ciently.
Carbon dioxide enters the leaves through the stomata. This function is regulated by
the guard cells. Potassium regulates expansion and contraction of the guard cells
and therefore controls entry of carbon dioxide into the leaf. Low levels of potassium
canresultinine cient stomatal activity, reducing the level of photosynthesis.

The relationship between the water, nitrate and potassium content of the cell,
controls the movement of both through the plant, as well as the transport of sugars
produced by photosynthesis to roots and storage organs like tubers. Potassium
improves the ability of plants to resist diseases, insect attacks, cold and drought
stresses and other adverse conditions. It promotes the development ofavigorousroot
system and increases the e ciency of the uptake and use of N and other nutrients.
It is vitally important that a lack of potash does not diminish the crop’s ability to
respond to nitrogen. It is also important that there is enough potash available to
satisfy the peak uptake by the crop. This is often very high, even if only temporarily,
and occursat owering. Potassium increases both the yield and quality of agricultural
produce. Much larger quantities of K are needed for this physiological function than
for its biochemical role in plants.

As the potato crop is harvested and the tubers removed from the eld, so potash
is taken away in that crop material. This must be replaced otherwise future crops will
be grown in soil with a reduced potash level, and lower yields will then occur.

Plants also have a naturally occurring defence mechanism when infected by a
pathogen. The infection triggers an increased production of certain chemicals that
form part of the plant’s defence mechanism. Potassium plays an important role for
both the production and the transport of these compounds to the site of infection.
When a shortage of K exists, the amount of natural antifungal compounds is reduced,
so once the fungus has penetrated the cells, the plant’s susceptibility to disease is
increased.

Potash deficiency in potato

Potassium de cient potato plants grow slowly and have poorly developed root
systems. Potassium is highly mobile in plants and is readily translocated from older
tissue at the base to the upper newer leaves. InKde cient plants, the initial symptoms
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normally appear on the older leaves displaying as yellowing of the leaf margins. The
upper leaves of K de cient potato plants are smaller, crinkled and darker green than
normal with small necrotic patches. Middle to lower leaves show marginal scorch
and yellowing. Early indicator: dark green crinkled leaves, though varieties di er in
normal leaf color and texture. If potassium de ciency is severe, there will be bronzing
on the leaves (Fig. 7), A shortage of potassium leads to greater drought susceptibility,
areduction in photosynthesis and restricted movement of water nutrients and sugars
around the plant. Insu cient K promotes lower tuber dry matter through reduced
photosynthesis, and a consequent reduction in starch production. Tuber quality
is also a ected where potassium de ciency causes the accumulation of reducing
sugars, which provide undesirable, dark colored chips. A further consequence of K
de ciency is internal blackening of potato tubers resulting from excess of tyrosine.
Two further markers of tuber quality, bruising and hollow heart can be reduced by K
application. Potassium fertilization improves the quality of potatoes for processing.

Figure 7.
Typical symptoms of potassium de ciency in potato leaves — crinkling and
bronzing. (Photo © PDA, with permission)

Potassium plays avital role in maintaining the turgidity (rigidity) of plant cells. Because
of its importance in turgor maintenance, potassium is essential to obtain maximum
leaf extension and stem elongation in potato haulm. This helps to achieve rapid
ground cover so maximising interception of sunlight and thus the rate of growth in
the critical early periods of the growing season, which is of particular importance for
short season crops such as potatoes. In severe cases, of K de ciency haulm growth is
so retarded that the leaf canopy may not meet between the rows, with consequent
reduction in radiation interception. Another symptom of K de ciency is uneven
growth throughout the eld, with serious consequences for tuber yield and quality.
There can actually be a signi cant loss of yield and a reduction in tuber quality
without any visible symptoms of Kde ciency in the leaves. By the time symptoms are
visible, is likely that potential yield loss will already have occurred and furthermore, it
is not likely that this can be dissipated by top dressing with K.
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Increasing the application of potassium has been shown to increase tuber yield.
This is achieved by increasing average tuber size and weight. The source of fertiliser
can be important. Use of sulphate of potash instead of muriate of potash may be
bene cial where larger numbers of small-medium size tubers are required such
as for seed. The bene t will be more pronounced under dry or stressed growing
conditions.

Tuber dry matter and speci ¢ gravity were more a ected with sulfate of potash
than muriate of potash. The quality parameters like dry matter, speci c gravity, starch
contents, vitamin C, chip color and taste are improved with K application.

Ingeneral, an inverse relationship is found between available soil K and the severity
of disease. It isa common practice to add K fertilizers to reduce certain diseases. With
potatoes, K fertilization has been found to decrease the incidence of several diseases,
such as late blight, dry rot, powdery scab and early blight.

Secondary Nutrients
(Ca, Mg, S)

Note: The phrase ‘secondary element’ refers to the quantity but not the importance of
the element required to sustain plant growth. A deficiency in a secondary nutrient
is just as detrimental as a deficiency in nitrogen, phosphorus or potassium.

Calcium

Calcium should be considered a most important nutrient, and more than simply just
an ameliorant to adjust the pH scale. It plays a major role in the physiology of the
plant, strengthening its physical structure, increasing nutrient uptake and protecting
from disease. Calcium is involved in both the structure and function of all plant cell
walls and membranes. An additional role for calcium is in cell signaling by acting as
secondary messenger and maintaining the integrity of plasma membrane. It plays
a regulatory role in maintaining the cation anion balance. In its role as a secondary
messenger, calcium induces the opening of K channels in leaves, especially guard
cells.

The primary roles of calcium:

® As a soil amendment, calcium helps to maintain chemical balance in the sail,
reduces soil salinity, improves water penetration and promotes good crumb
structure.

® Promotes cell division and elongation

® Facilitates nitrate uptake and metabolism

® Calcium plays a critical metabolic role in enzyme activity and carbohydrate
removal.

@ Calcium neutralizes cell acids.

Calcium is an essential nutrient for plant growth. It performs critical functions in
the soil surrounding the roots and also within the plant. Calcium has an important
in uence on soil properties, especially as it prevents dispersion of clay and maintains
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a friable crumb structure in soil. It is not considered as a leachable element. Many
soils are high in calcium, but often it is present in insoluble forms such as calcium
carbonate and therefore not readily available for root uptake. Plants growing in these
soils can show calcium de ciency symptoms.

All soils contain Ca (and Mg) in the form of cations (positively charged ions, Ca**
and Mg**) that attach to the soil clay and organic matter. These cation minerals
interact with negatively-charged particles of clay and humus and in this way they are
held in the soil. The plant takes up calcium and magnesium in the form of cations.
The soil parent material determines the relative proportion of these elements, as well
as the total amount present in the soil.

High levels of other cations such as magnesium, ammonium, iron, aluminum
and especially potassium, will reduce the calcium uptake in some crops. A common
misconception is that if the pH is high, adequate calcium is present. This is not always
true.

In potatoes, inadequate supplies of calcium cause growth abnormalities like
internal brown spot and hollow heart. These responses are worsened in acidic soils.
Tuber Ca concentration may be increased through fertilization and Ca application
can increase tuber Ca concentration and reduce the occurrence of internal brown
spot. Up to 40% of tuber Ca may be absorbed directly from the soil solution through
the tuber periderm.

Adequate calcium nutrition can also improve potato skin nish, while reducing
problems with blackspot and bruising. Abundant tissue calcium also increases the
tubers’ resistance to attack by soft rot bacteria during storage and may improve the
performance of seed potatoes.

In plants, calcium is regarded as a non-mobile element i.e it is not mobile in the
phloem transport system. Thus, if the plant becomes depleted in calcium, it cannot
remobilize it from older tissues, in a manner comparable with nitrogen. It is an
important constituent of cell walls and can only be supplied in the xylem sap. Should
transpiration be reduced for any reason, the calcium supply to growing tissues will
rapidly become inadequate. Water movement governs calcium movement within
the plant - tissues that use the most water due to evapo-transpiration accumulate
the most calcium. Therefore it might be expected that leaves and stems of potato
contain about ve times as much calcium as the tubers This is explained by the fact
that the leaves and stems lose far more water than the tubers, because the tubers are
constantly surrounded by moist soil.

While the nutrient is involved in photosynthesis and plant structure, other
functions attributed to calcium are: the neutralization of organic acids; inhibition of
some potassium-activated ions; and a role in nitrogen absorption. A notable feature
of calcium-de cient plants is a defective root system. Calcium de ciency causes
stunting of root systems. Roots are usually a ected before above ground parts. The
concentration of calcium in lower in roots than in leaves.

Withrapid plantgrowth, the structuralintegrity of stemsthatbear owersisstrongly
coupled to calcium availability. Calcium is a critical part of the cell wall that produces
strong structural rigidity by forming cross-links within the pectin polysaccharide
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matrix. Depleted calcium in plants leads to a deterioration in cell membrane, loss of
cell compounds and eventually death of cell and plant tissue. Calcium additionally
plays a role in cell structure, in regulating cell and plant functions as a secondary
messenger and in various plant functions from nutrient uptake, changes in cell status
(of the plant) in reacting to the environmental and disease stresses. Heat stress in
particular tends to elongate stem length while reducing leaf size in many crops.
Calcium helps overcoming heat stress e ects by improved stomatal function and
other cell processes. Calcium’s role in the development of heat shock proteins that
help plants tolerate stress to prolonged heat is also signi cant.
Calciumisoftenreferredtoasthe plant’s’ rstline ofdefense’ Some organismsinfect
plants by penetrating cell tissue using enzymes known as pectinase. These enzymes
dissolve pectins. A higher calcium content in plants, with higher concentration of
pectins holding cells together will give plants a greater ability to withstand these
enzymes. Virulent stains of fungal pathogens produce oxalic acid. Pectinases and
oxalic acid are involved in pathogenesis. Calcium is sequestered from the leaf to form
calcium oxalate. In such cases, the increase in calcium levels in leaf tissue or calcium
in foliar applications will decrease the pathogen’s ability to invade the leaf. Fungal
pathogenic infection is also reduced with increased calcium uptake by plants.
Calcium too, plays a major role in the quality of many crops. Increasing tuber
calcium content promotes longer storage life and resists a range of physiological
break down.
Symptoms of calcium de ciency:

® Necrosis at the tips and margins of young leaves,
® Deformation of a ected leaves,

® Highly branched, short, brown root systems,

® Severe, stunted growth, and

® General chlorosis.

It must be remembered that these problems are caused by an inadequate supply
of calcium to the a ected tissues. These de ciencies can occur even when the soil
appears to have an adequate presence of calcium.

Ca?*isnotusually limiting under eld conditions, however there are several defects
that can be associated with low levels of this ion, including poor root development,
leaf necrosis and curling. Symptoms of calcium de ciency are not as well de ned
as those for magnesium. In most situations, tubers are small and deformed while
the foliage appears normal. Inadequate supplies of calcium cause tuber growth
abnormalities like internal brown spot and hollow heart.

High tuber calcium has been associated with improved storage ability. Even
though there is only slender evidence that Ca fertilizer treatment will alter yields,
they may a ect tuber size distribution.

Magnesium

Magnesium is best known for its central role in photosynthesis, where it is present
as the central atom of each chlorophyll molecule. It is also involved in various key
steps of sugar production as well as the transport of sugars in the form of sucrose
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from the leaves to the tubers. The plant uses these sugars for energy and also for
structure. When Mg is de cient, the movement of carbohydrates from the leaves
to other parts of the plant is slowed. This results in reduced growth of other plant
organs like roots and the reproductive parts that are harvested. Magnesium is also
involved in protein production where it serves as a ‘building block’ of ribosomes, the
organelles that synthesize proteins in cells. In potatoes, magnesium uptake mirrors
that of phosphorus (Fig. 8).

Magnesium has unique roles in plant physiology. As a carrier, it is also concerned in
numerous enzyme reactions as an e ective activator, in which it is closely associated
with energy-supplying phosphorus compounds. Magnesium also helps to activate
speci ¢ enzyme systems. Enzymes are complex substances that build, modify, or
break down compounds as part of a plant’s normal metabolism. Magnesium acts as a
cofactor in all phophhorylation processes. Phosphorylation is a fundamental process
of energy transfer and occurs in photosynthesis, glycolysis, tricarboxylic acid cycle
and respiration.
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Figure 8.
Nutrient uptake of a 55t/ha crop of potatoes (Note: These details refer to a crop
grown in a temperate zone in the Northern hemisphere). (Diagram © PDA UK.)

Consequently, magnesiumisverymobileinplants,and, like potassium,whende cient,
is translocated from older to younger tissues, so that signsof de ciencyappear rston
the oldest leaves and then spread progressively to younger and younger tissues. That
means that Mg de ciency symptoms appear rst near the base of the plant and are
characterized by interveinal chlorosis and sometimes by the accumulation of reddish
pigments (anthocyanins) at the leaf margins. Magnesium increases NPK uptake and
thereby increases yield and promotes uptake and translocation of phosphorus.
Magnesium isabundant in the earth’s crust. Itis found in awide variety of minerals.
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Rocks that are dominantly basaltic are magnesium rich. Besides the divalent Mg*2ions
occurring in the soil solution, magnesium is either adsorbed to cation exchangers
such as organic matter or clay particles in the exchangeable fraction or it is bound
inside the crystals of soil silicates. Only the rst two fractions are available to plants.

Magnesium becomes available for plant use as these minerals weather or break
down. The magnesium can be categorised as:

e That contained in parent rock material, largely insoluble and largely
unavailable to plants.

e Thatheldloosely in the soil (exchangeable magnesium is present in the soil
as the positively charged cation (Mg*?) and as such capable of being held
in the soil by the negative charges present on the clay-humus complex).

e That which is present in the soil solution for immediate plant uptake.

These pools are similar to the soil sinks for potassium, although there are some
important di erences. Unlike potassium, magnesium does not move between non-
exchangeable sources into the exchangeable pool easily and this process is chie y
driven by pH (the more acid the conditions, the faster the mobilisation).

Magnesium is held on the surface of clay and organic matter particles. Although this
exchangeable form of Mg is available to plants, this nutrient will not readily leach
from soils.

The electrical charge on magnesium is also weaker and is therefore more easily lost
to lower soil zones than potash, particularly on sandy or acid soils. Mg de ciency is
usually only been observed on very acid soils. These soils usually have a sandy loam,
loamy sand or sand texture. Plants are de cient in Mg when grown in soils having
low pH, sandy in nature and highly leached soil with low Cation Exchange Capacity.
A Mg de ciency is not likely to occur until the soil pH drops below 5.5.

In potatoes, the loss of the green color begins on the tips of the lower leaves when
there is a mild Mg de ciency. When the de ciency is more serious, the yellowing
progresses between the veins toward the center of the leaf. In the advanced stages
of Mg de ciency, leaf areas between the veins show small brown dead spots.

Note: Diseases, herbicide damage (Section 7), and environmental factors also cause
leaves to die prematurely. So, care should be taken in identifying a Mg deficiency.
If in doubt, use plant analysis to be sure.

The concentrations of calcium and magnesium in potato tuber pith and cortex were
analysed. The cortex as de ned here refers to the tissue exterior to the vascular ring.
Whereas the cortex of the tuber was found to contain about half of the weight but
only contained 60 to 80% of the tuber calcium. Magnesium was distributed evenly
throughout the tuber on a tissue weight basis

Sulphur

Sulphurisclassi edasasecondary element, along with Mg and Ca, butitissometimes
called “the 4th major nutrient” Some crops can take up as much S as P. Sulphur is one
of the key secondary elements essential for optimal plant growth. It is taken up from
the soil solution by the plant in the sulphate form (SO,*).
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Figure 9.
Daily rate of nutrient uptake for ve major nutrients by the potato plant

Sulphur is present in various forms in the environment. Up to 95% of the total
sulphur in the soil is associated with organic matter. Other sources of sulphur in soils
are animal manure and irrigation water. In the soil, sulphur is present as organic
sulphur compounds, sulphides (S-), elemental sulphur (S0), and sulphate (SO,*).
Plants cannot absorb organic or elemental sulphur. For plants to utilise sulphur from
the soil it must be in the sulphate form. Therefore organic sulphur and elemental
sulphur must be converted to the sulphate form in the soil.

In the plant, sulphur is a component of methionine, cysteine and cystine, three of
the 21 amino acids, which are the essential building blocks of proteins. The sulphur
containing amino acids are essential in human nutrition. They cannot be synthesized
in the human body. It is their content in the tuber that makes the potato so valuable
in human nutrition. Sulfur supply to the growing plant has been recognized as a
major factor in uencing protein quality. In potatoes, the biological value of proteins
was reduced from 94 to 55 by sulfur de ciency at high N supply. (Biological value is a
measure of the proportion of absorbed protein from a food, which becomes incorporated
into the proteins of the human bodly. It captures how readily the digested protein can be
used in protein synthesis in humans.)

Sulphur is also a component of key enzymes and vitamins in the plant and
is necessary for the formation of chlorophyll even though it is not one of the
constituents.

Sulphur is essential for many growth functions in plants including nitrogen
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metabolism, enzyme activity and protein synthesis. It improves the use e ciency
of nitrogen and phosphorus. Generally, sulphur-de cient plants have short and/or
spindly stems. Sulfur de ciencies in potatoes appear similar to nitrogen de ciencies.
All leaves are pale yellow and are smaller in size than normal. The youngest leaves
are a brighter yellow. This should not be confused with iron de ciency, which looks
similar but the veins stay green. Since sulphur is only moderately mobile within
the plant, the de ciency is manifested as yellowing of the young (top) leaves. With
nitrogen de ciency, yellowing a ects the older, lower leaves rst. Generally, plants
require about a tenth as much sulphur (S) as nitrogen (N), but sulphur de ciencies
restrict plant growth as surely and severely as nitrogen de ciencies

Factors contributing to increased incidence of sulphur de ciency include less
sulphur being added to the soil due to the increasing proportions of high-analysis,
sulphur-free fertilizers, such as urea and diammonium phosphate (DAP).

Sulfur is usually low in sandy soils. Except in extremely de cient soils, potatoes
do not usually respond to sulfur applications. If soil test sulfur is less than 7 parts
per million and/or tissue sulfur is less than 0.18 percent, then 20 kg sulfur/Ha (use a
sulfate source) should be banded at planting.

Sulphur is lost to the soil when potatoes are harvested and removed. Typically
1tonne of potato tubers will remove 4.5 kg of S

Micronutrients
(Fe, Mn, Zn, Bo, Cu, Mo, CI)

To ensure an optimum tuber yield, it is essential to achieve an appropriate balance
between macronutrients and micronutrients.

Iron

Iron is abundantin the soil in many rocks and minerals. Plant roots absorb Fe from the
soil solution most readily as (ferrous) Fe?* but in some cases also as (ferric) Fe** ions.
The solubility of Fe oxide minerals in soil is very low, so when F3* ions predominate
the plant roots reduce the Fe** ions to Fe?* ions before they move into the root across
selective membranes. This process involves the root excreting a variety of organic
compounds and acids into the soil.

Iron de ciency (resulting in chlorosis) is most likely to occur on highly calcareous
soils (pH higher than 7.8). Symptoms of iron de ciency rst appear in the youngest
leaves. The interveinal areas are chlorotic but the veins remain green. In cases of
severe de ciency, the entire leaf is chlorotic. Iron is necessary for the formation of
chlorophyll. It is not very mobile within plants so plants invest iron in the growth
of new leaves, therefore iron chlorosis shows rst and more severely on the newer
growth at branch tips.

Be careful with making a diagnosis of iron de ciency since zinc and manganese
de ciencies also result in similar leaf symptoms. However iron chlorosis appears rst
on the younger or terminal leaves and under severe conditions, it may progress into
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older and lower leaves. By comparison, zinc and manganese de ciencies typically
appear rst on older leaves

Manganese

Manganese de ciency. Night frosts can cause similar symptoms. Exercise caution
with diagnosis, as Magnesium de ciency is similar but here yellowing usually starts
on older leaves. Manganese de ciency is normally limited to high pH soils, where
manganese in the soil is unavailable for the plants. Manganese de ciency occurs on
medium to low pH soils, if the soil preparation has created a loose soil with high
oxygen content.

De ciency symptoms include intercostal yellowing on entire lea ets usually
starting on younger leaves. Necrosis at leaf edge may be due to severe de ciency
but it occurs usually in spots along the line of the veins.

Most likely to occur on organic soils, Sandy soils, High pH, Cold wet periods.

It's role in plant growth, to boost bulking. Increases the yield of tubers. Improves
disease resistance. Improves skin nish. Increases tuber dry matter content. Increases
starch levels.

Zinc

Zinc de ciency in potato results in stunted growth and small leaves. Furthermore
it causes younger leaves show interveinal chlorosis and necrosis, which occurs in
irregular patches. Whitish spots develop within the brown necrotic tissue. Symptoms
may also start on older leaves.

De ciency is likely to occur in organic soils, high pH soils, soils rich in phosphorus
or soils receiving high phosphorus application. Cold wet conditions exacerbate
symptoms.

Zn is important for healthy green foliage also improved tuber yield and quality.

Boron

Boron de ciency can be confused with Cade ciency, which alsoa ects the growing
points and leads to their ‘dying o ' Ca de ciency also causes leaf necrosis, which is
seen at the edge of the leaf and not between the veins as with boron de ciency.
Potato has a relatively low requirement hence de ciency symptoms occurs mainly
on soils with poor boron content (weathered sandy soils) or soils with a high xing
capacity (recently limed, peat soils, pH > 7)

The primary role of boron is in the cell walls, where it provides cross links between
polysaccharides to give structure to cell walls. Boron also plays roles in formation of
sugar complexes for translocation within plants, and in the formation of proteins.
Boron de ciency induces thickening of the young leaves also crinkled and bordered
by light brown tissue, which extends to the intercostal areas. The growing points and
the shoot tips die 0 . In severe cases, the leaf margins are cupped upward.

De ciency symptoms are induced by sandy soils, alkaline soils, soils low in organic
matter, high levels of nitrogen, high levels of calcium, cold wet weather, periods of
drought.
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Boron is important for improved crop development and improved tuber quality. It
reduces incidence of internal Rust Spot and incidence of internal browning.

Copper

Copper is important for healthy green foliage and improved yield. Copper plays roles
in photosynthesis and respiration, including the nal transfer of electrons to oxygen.
Copper helps form lignin in cell walls, which provide support to hold plants upright.
Copper de ciency causes permanent wilting of potato plants. Particularly young
leaves roll inwards, they develop a dark green colour and plants become stunted.
Leaf tips and margins may die o without preceding chlorosis. Normally potatoes
are not sensitive to copper de ciency. Symptoms are seldom visible in the eld.
De ciency symptoms are made worse by organic soils, chalky soils, sandy soils,
reclaimed heathland and high nitrogen applications.

Molybdenum

De ciency symptom description — a general yellowing of older leaves, while young
leaves become uniformly yellow-green. Crop de ciencies of molybdenum are rare.
Within the plant, Mo is primarily used in the production of enzymes that regulate
various plant functions. The most well known of these Mo-containing enzymes
regulate nitrogen nutrition — the critical reaction involving the conversion of nitrate
into proteins (nitrate reductase).

Young plants can show de ciency symptoms if seed potatoes were grown on
soils with low Mo content. Yellowing of leaf blades is similar to nitrogen or sulfur
de ciency. The symptoms are made worse by acid soil, low pH and low levels of soil
organic matter.

In plant metabolism Mo is important for nitrogen metabolism, pigment and
chlorophyll synthesis and is bene cial for growth and yield.

Chlorine

Chlorine is an essential micronutrient, which is taken up by potatoes in signi cant
quantities. Insoilsand plants, it exists as chloride. In plant nutrition, chlorine is applied
as the chloride salt of calcium, magnesium, potassium and sodium. In sail, chlorine is
readily soluble where it occurs in aqueous solution as the chloride anion (CI) and in
this form plants can readily take it up, through an active uptake process. Existing as an
anion (i.e. carrying a negative charge) it does not adsorb to soil particles and moves
readily with the water in the soil. Chloride ions are taken up by the root and move in
the xylem to the shoot. Only small portions return to the roots via the phloem.

In plant growth and development chloride participates in several physiological
processes. Its'functions include osmotic and stomatal regulation, evolution of oxygen
in photosynthesis, and disease resistance and tolerance. An e ective exchange
of gases between the plant and the surrounding air is critical for photosynthesis.
Chloride plays an essential role in stomatal regulation where the plant’s stomata, open
and close to allow gas exchange and minimise water loss. The opening and closure
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of stomata is mediated by uxes of the potassium ions (as K*) and accompanying
chloride anions (as Cl-).

Studies with isolated chloroplasts have indicated that CI- is an essential cofactor
for photosynthesis, where it is required for the photochemical reactions necessary
for splitting water (known as the Hill reaction) and oxygen evolution, in photosystem
Il.

The potato crop is considered highly responsive to chlorine. In the potato, chlorine
concentration is highest in the leaves, followed by the stem and lowest in the tubers.
Potatoes for fresh consumption and seed potatoes are considered partly chloride
tolerant whereas potatoes for processing are considered chloride sensitive, therefore
choose sulphate of potash and avoid application of KCI. Rainfall deposits atmospheric
chloride in signi cant amounts in coastal regions, but this source decreases with
increasing progression inland. Where muriate of potash fertiliser is not regularly
applied, chloride de ciencies can occur.
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@ All the essential nutrients must be supplied at optimal rates to produce
vigorous plants, necessary to support maximum tuber growth.

@ Nutrient de ciencies limit canopy growth and shorten canopy duration,
resulting in reduced carbohydrate production and tuber growth rates.

@ Nitrogen is a key element in potato growing and required by the plant’s
roots and shoot throughout the growing season.

® Phosphorusisinvolvedinanarrayofprocessinplantssuchasinphotosynthesis,
respiration, in energy generation, in nucleic acid biosynthesis and as an
integral component of several plant structures such as phospholipids.

@ Potassium is especially important in its interaction with nitrogen throughout
the growth cycle as it helps to improve nitrogen uptake from the soil and
the subsequent conversion of this nitrogen in the plant to amino acids and
ultimately protein.

® The phrase‘secondary element’refers to the quantity but not the importance
of the element required to sustain plant growth. A de ciency in a secondary
nutrient is just as detrimental as a de ciency in nitrogen, phosphorus or
potassium.

@ To ensure an optimum tuber yield, it is essential to achieve an appropriate
balance between macronutrients and micronutrients. )
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Section 7.

Early Development —
Planting to Emergence
and Weed Control.

Introduction

The period from planting to emergence normally extends from 14 to 28 days. Several
factors determine the number of days after planting (DAP) to emergence. This
interval between planting and emergence is the most vulnerable stage of the potato
crop. The period is deemed to have ended when the sprouts emerge above the soil
surface. Optimum sprout development is highly in uenced by the quality of the
seed, its physiological age, sprouting stage, as well as by the proper soil conditions,
especially temperature and moisture at planting time. The e ects of seed quality,
physiological age and sprouting stage have already been discussed

Factorsa ecting the number of days from planting to emergence
Seed tuber size

Sprout growth rate is in uenced by the seed tuber size. The seed tuber provides
reserves of food and water to sustain sprout growth until it emerges from the soil
and until the new expanded leaves commence photosynthesis. The seed tuber size
therefore constrains the reserves of food and water available to maintain sprout
growth. Sprouts growing from a large seed tuber have more ready access to a larger
pool of assimilates than sprouts growing on a small seed tuber. Sprouts on large seed
tubers demonstrate higher relative growth rate compared with sprouts on small seed
during both the pre emergence and post emergence phases. Sprouts from large seed
tubers emerged signi cantly earlier than sprouts from small tubers. At planting time,
the sprouts on large seed tubers were slightly longer and thicker, which resulted in
earlier germination and crop establishment. This ensured that plants established
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faster since the shoots were not yet photosynthesizing but were relying solely on the
remobilisation of metabolites from the mother tubers.

When a small seed tuber has a number of sprouts, the competition for access to
limited reserves impairs the sprout growth rate. It is proposed that this competition
is not for local metabolites but for growth factors distributed throughout the tuber
since it has been shown to be independent of the distance between the competing
sprouts. A further advantage of planting large seed is observed where in the event of
damage to the newly emerged shoots by frost or hail, a large seed tuber will possess
su cient reserves to allow rapid regrowth.

Sprout length

The ideal sprout length at planting is 8 to 12mm. Longer sprouts risk being rubbed o
during handling, especially if sprouts are formed in darkness or under low light levels.
When potato seed tubers are sprouted in a di used light source (DLS), considerable
thickening will have occurred at the base by the time the sprout attains a length
of 12mm. This thickening serves to provide increased stability and resist rubbing
0 . Also on a 12mm sprout, the root primordia will have expanded and in addition,
lateral stems will have begun to expand (Fig. 1). These structures developing on the
sprout provide additional stability during handling and planting and reduce the risk
of removal.

Figure 1.
A seed tuber with sprouts at the ideal stage of development. (Photo © Author)

Because the sprouts have already commenced growth, the number of days after
planting to emergence will be reduced. Rapid establishment is crucial when the eld
growth phase may be cut short by adverse environmental conditions or an onset of
defoliating pathogens like late blight.

Planting depth

Conventional sized seed tubers (35-55mm) can be planted 15 to 20cm deep. Tubers
in this size grade provided they have not accumulated high levels of physiological
age, will have su cient reserves of water and metabolites to sustain sprout growth
until they emerge above the soil surface and assume independent growth.
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Note: When seed tubers are scarce the small seed tubers (<35mm) from clean, healthy
stock will also establish plants. However, the initial planting depth should be
shallow, to compensate for their limited reserves of water and nutrients. The
planting depth can be brought to the desired value subsequently by “earthing-
up” during successive cultivations

Soil tilth and texture
Potato sprouts display negative geotropism, they grow upward towards the surface.
Growth progresswill berestricted by adverse soil conditions. Potatoes thrive bestwhen
planted in soil with an open texture, well aerated and having high levels of organic
matter. Potato sprouts display heterotrophic growth, relying on the mother tuber
for energy supply and as a source for water and remobilized structural components.
These steps are powered by respiration, and are limited when there is a constraint on
ready access to oxygen from the soil. Heavily compacted or water logged soil leads to
the development of anaerobic conditions which will retard sprout emergence.
Large clods, resulting from failure to produce a ne seedbed, will delay emergence,
as the sprout must circumvent the obstacle. Potatoes are renowned for their poor
rooting capacity. A ne tilth will facilitate root outgrowth and ensure that root hairs
have the opportunity to explore soil pores and absorb water and nutrients.

Soil temperature

Post planting soil temperature moderates sprout growth. Research evidence shows
optimum growth rate occurring at soil temperature of 20°C. Sprout growth rate has
been researched extensively. There is a consensus that a typical growth rate is 1mm
per °Cday (degree day) above a base temperature of 2°C.

While sprout elongation rate is optimised at 20°C, soil temperatures above 25°C
retard or even inhibitemergence, reduce plant establishmentand the number of main
stems per plant. Soil temperature values in this range are likely to be encountered in
the sub-tropics.

Do not plant seed tubers in soil where the temperature has been less than 7°C for 3
consecutive days before planting. Planting seed tubers, with advanced physiological
age, in soil at low temperature can result in the physiological disorders“coiled sprout”
or “little potato disorder” discussed earlier.

Soil moisture
The moisture required to facilitate sprout emergence is normally supplied from the
seed tuber. Very small seed tubers (or minitubers) may lack adequate carbohydrate
and water reserves. For this reason they should be planted at a shallow depth to
facilitate rapid emergence, then additional soil earthed-up during subsequent tilling.
But again exercise caution — this area at the top of the ridge is prone to drying under
high temperature.

Irrigation (particularly furrow irrigation) should not normally be considered due
to the possibility of water logging and the consequent reduction of oxygen in the
rooting zone, with the attendant risk of seed tuber decay. Soil moisture content, 70%

97



to 80% of eld capacity is adequate at this growth stage. If the soil were irrigated
to a higher water content and heavy rain fell, ooding could result with disastrous
consequences for the emerging crop.

Weed Control in Potato

Introduction

A ‘weed’ is often de ned as a plant growing in the wrong place. But then if this
de nition is applied rigidly, a wheat plant is regarded as a weed if it is growing in a
potato crop! A more common sense de nition is a plant, which has no commercial or
nutritional value and is growing in competition with an agricultural crop.

Worldwide, weeds are the most costly category of agricultural pests and cause
more yield loss of agricultural crops and add more to farmers’ production costs than
insect pests, crop pathogens, root-feeding nematodes, or warm-blooded grazing
pests.

Weeds are highly competitive and successful plants. They exhibit rapid seedling
growth and an ability to reproduce when young, especially when they experience
stress. Weeds mature quickly compared to most crop species, and many species
thrive under a broad range of conditions. They can tolerate a wide range of adverse
environmental conditions, such as drought stress and soil compaction. Weeds can
scavenge and compete for resources, and they respond rapidly to favorable growing
conditions and produce vast quantities of seeds.

Four broad factors govern the success of weeds in their competition with the crop:

® Weed density,

® The time of emergence,

® The size of the weed relative to the height of the potato canopy at any stage
and,

® Existence of allelopathy, the ability of a weed species to secrete inhibitory
substances into the soil surrounding the roots.

Weeds in potato crops
Potatoes are normally planted in the most fertile eld on the farm. They receive
additional fertiliser and water when it is available. It is not surprising therefore that
the conditions which favour potato growth also favour the growth of weeds.

As with all crops, potatoes need to be protected from weeds, diseases and pests.
Weeds compete with potatoes for light, nutrients and water and if not controlled will
reduce

® Crop growth rate,

Radiation use e ciency (RUE),

Leaf area index and leaf area duration,

Disturb tuber size distribution,

Delay harvesting,

Reduce yield and,

Reduce quality, by lowering speci c gravity.
98



Weeds can have a detrimental impact on tuber yield when compared to potatoes
grown in weed-free conditions; the size of the reduction is a function of the density
and competitive ability of the weed population. The reduction occurs because weeds
use resources that would otherwise be available to the crop. Apart from these direct
e ects on growth and yield, weeds a ect the crop indirectly by harbouring insects
and diseases that attack potatoes. Weed management in potato production is one of
the main cost and time consuming practices.

Many agronomic and environmental factors will in uence the magnitude of yield
loss. Two major loss inducing factors are the weed density, and time of emergence
relative to the crop.

A grower can minimize the competitive e ects of weeds on their potato crop if
they can implement practices that:

Reduce the density of weeds or,

® Adjust inter row and interplant spacing or,

® Improve uptake of resources by the crop or,
°
o

Establish an early season size advantage of the crop over the weeds or,
Employ the most e ective timing of weed control,
All these strategies could reduce crop production costs and increase potato yield.

Weed impact on canopy development and tuber yield in potatoes
As discussed above, weeds cause reduction in growth and yield loss by several
means and unless they are removed, they will outcompete the potato crop for water
nutrients and light. Removing weeds by manual methods is slow and laborious. But
the penalty for not controlling the weeds is severe. A study on the e ect of weed
competition on total potato yield ranged from yield of 22 t ha in weed-free plots
to 3 t ha! with no weed control; a yield loss of 86%. Weedy conditions also resulted
in a greater number of small tubers and fewer of the desirable large grade tubers
compared to weed-free conditions. Competition with weeds has been shown to
impact tuber size distribution by reducing both the average tuber size and the
number of tubers. In addition to negatively impacting the physiological formation
of yield during the season, weeds present at harvest can be detrimental to yield.
This is achieved by increasing mechanical damage to the tubers and by slowing
the harvesting operation and leaving un-dug tubers in the ground, which reduces
harvesting e ciency.

We need to know therefore the critical period of weed competition. In other
words if potatoes and weeds are growing together, at what stage in the crop growth
cycle does it experience the greatest competition and the greatest resultant yield
reduction? This raises the questions—

® Whatisthe e ect of extending the period of competition, or,
® Whatisthe e ect of extending the duration of the weed free period?

How do we determine if weeds will reduce potato yield?
It is a truism that weed competition will reduce yield since the weeds compete for
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the same nutrients and in the same quantity that the crop is competing for, and then
in addition, they are also competing for water and sunlight.

The most important decision a grower has to make regarding weeds in a potato
crop revolve around timing — how long to wait before removing the weeds and how
long to sustain the weed control activity without su ering a yield penalty.

To assist decision-making, three measures are employed.

“Maximum weed-infested period” (MWIP)
Weeds being discussed here are those that emerge with the crop. Then the question
arises - how long after crop planting can weeds be allowed to grow before they must
be removed - i.e. before they begin to compete with the crop and cause a yield loss.
Assuming that the potatoes are planted into a clean seedbed, the potatoes and
germinating weeds commence their growth at the same time. Weeds that germinate
with the crop usually do not a ect the crop’s growth until two or three weeks after
emergence —when they rst become large enough to begin competing for moisture
and nutrients. This initial period, during which weed can grow without reducing the
crop’s yield potential, is de ned as the ‘maximum weed-infested period’ The farmer
needs to cultivate or otherwise control weeds before the end of this period, since
if the initial ush of weeds is removed by cultivation before the end of this period,
subsequent crop production will not be a ected. However, failure to successfully
control weeds at this stage can have a major impact on yield (Fig. 2).

“Minimum weed-free period” (MWFP)

The weeds being discussed here are the weeds that emerge later that the crop. The
question then arises - how long must the crop be kept clean and free from weeds
after emergence and before later-emerging weeds can be allowed to remain, without
causing crop loss.

Weeds that emerge with or shortly after the crop have the greatest potential for
causing economic damage if allowed to grow unchecked. Later emerging weeds have
less e ect, and those that emerge after a certain point in time no longer a ect yield.
This point is the ‘minimum weed-free period’ In a potato crop, which has the vigour
to enable the canopy to provide 100% ground cover, late emerging, low growing
weed species will not provide aggressive competition.

Then by combining the result of the two previous values we arrive at:

“Critical period of weed competition”
This period is de ned as the time interval between two separately determined
components MWIP and MWFP The “critical period” of weed interference refers to the
minimum amount of time during which it is essential that the crop must be kept free
of weeds in order to prevent yield loss. It represents the time interval falling between
the two separate components discussed above:
(@) The minimum length of time after seeding that a crop must be kept weed-free so
that later-emerging weeds do not reduce yields, and
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(b) The maximum length of time that weeds which emerge with the crop can remain
before they become large enough to compete for growth resources.

The critical period of weed competition has been used to determine the period
when control operations should be carried out to minimize yield losses for many
crops

The interval from the end of the maximum weed-infested period until the end of
the minimum weed free period de nes the critical period for weed control for an
individual crop. Since the crop can be adversely a ected either by early-emerging
weeds allowed to persist into this period, or by weeds emerging during this period
and allowed to grow, the weed control strategy should focus on keeping the crop
clean through this time.

Then the next question arises —what level of weed control is acceptable during this
period? Crops can tolerate di erent levels of competition even during the minimum
weed-free period. Slow-growing, weed-sensitive vegetables like, direct-sown onion or
carrot can su er if weeds are allowed to reach the two-leaf stage before cultivation

In vigorous crops like beans, maize, or potatoes, one early cultivation and a second
pass to remove later-emerging weeds at the two-leaf stage or even a little larger, may
besu cient.

In a young, newly emerged crop, those weeds emerging closest to crop plants
compete most severely. Therefore, cultivation must e ectively remove within-row
weeds, as well as weeds between rows. Timing is critical for manual or mechanical
within-row weeding, which works e ectively when the weeds are small and the crop
issu ciently large that it can withstand the e ects of cultivation.

Figure 2.
Weeds emerging and growing with the canopy provide severe competition (a).
Weeds emerging towards or after canopy senescence will have no e ect on tuber
yield (b). (Photos © Author)

The timing of weed removal after determining the critical weed control period
is an important component of weed management. Critical periods of weed-crop
competition for potatoes have been determined in a few environments, and only
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for some weed species. However, due to the diversity of climatic conditions, weed
species and management techniques, these studies are site speci ¢ and cannot be
extrapolated to other environments, especially tropical African countries.

Factorsa ectingthe weed ora
Wet season and dry season response. It might be expected that soil moisture
availability would in uence the composition of the weed ora, promoting or
retarding individual species depending on their requirement for soil moisture. A
study investigating this response found that critical periods for weed control, with
a 95% weed-free total yield, were estimated from 26 to 66 and from 20 to 61 days
after emergence for the rainy and dry seasons, respectively. This period coincides
with the period of rapid canopy growth, tuber initiation and rapid tuber bulking.
Weed competition before or after these critical periods had negligible e ects on crop
yield.

The number of weeds per unit area and the weed species (tall or rosette type)
is an obvious determinant of weed induced yield reduction. A weed density of 5.3
plants per meter of row reduced potato yield by 20 to 45% depending on the species
present.

E ectof weed type

Weed ora will vary widely depending on a multitude of factors, location, altitude,
soil type, moisture availability, cropping history etc. etc. It is not useful therefore to
mention individual weed species here, but discuss the general concept.

Weeds can be classi ed as annual — growing each season from a seed; or perennial
— where an underground structure such as a rhizome or storage organ allows it to
perrenate. Then annual or perennial weeds can further be divided as broad leaved
and graminaceous. Annual broad-leaved weeds emerge fast, become established
earlier and o er more vigorous competition than annual grass weeds. They even
outcompete perennial weeds at the early stage of crop growth. Growth of low
growing broad leaved and grass weeds will often be suppressed when the potato
canopy achieves total ground cover. These weeds get another chance to resume and
prosper when the canopy begins so senesce.

Weeds (0.6 to 1.0 m) with an erect growth habit, either grass type or broad leaved,
reduced yield by up to 45% and this was achieved by a decrease in tuber bulking.
When the infestation was by tall (1.5 m) broad-leaved weeds, yield was reduced by
impaired tuber set and tuber bulking

Methods promoting weed competition and suppression
Growers should plan a weed control program that integrates mechanical, and cultural
methods to t their weed species and production practices.

Mechanical cultivationise ective way to manage weeds early in the season, atime
when weed presence is most detrimental to potato growth and yield. Weeds that
emerge earlier than potatoes have been shown to be the most competitive with the
crop. Itis observed that the canopy of the potato crop would continue to shade out
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weeds emerging after initial cultivation. This timeline may vary by cultivar because
of variable canopy structures. In addition, if the canopy is under stress from low soil
fertility or moisture de cit, it will not be capable of competing so vigorously with the
weeds. The capacity of the potato crop to provide shade competition to weeds will
be signi cantlya ected by the choice of inter-row and inter-plant spacing discussed
in Section 5.

The choice of potato cultivars that can suppress or tolerate weed competition
could be acomponent of an integrated weed management system to reduce reliance
on herbicides. The competitive ability of 10 potato cultivars was examined. Weed
competition treatments included: (1) weedy throughout the season, (2) weed-free
(by hand weeding) from emergence to 4 weeks after emergence, and (3) weed-free
(by hand weeding) for the entire season. Potato cultivars did not di er in ability to
reduce weed biomass. Potato tuber yield was strongly related to early-season time of
potato emergence and canopy closure, as well as weed competition treatments.

Although the ability to suppress weeds was similar among cultivars, di erences in
yield among cultivars grown in the presence of weeds suggestdi erential tolerances
of weed competition.

Another management practice for weed control is the use of cover crops. The
impact of rapeseed (Brassica napus), as the crop preceding potatoes, on the presence
of weeds has been investigated. Rapeseed contains acompound called glucosinolate
that has been found to have negative e ects on weed seed germination. In a two-
year study comparing rapeseed and Sudan grass covers, rapeseed produced more
biomass and had a greater reduction in midseason and nal weed density in the
following potato crop than Sudan grass. Potatoes following rapeseed yielded higher
than comparative plots following Sudan grass due to fewer weeds, while either cover
did nota ectthe speci c gravity of tubers.

A cultural method that may have an impact on weed control is row spacing. Row
spacing exerts an e ect through bringing forward the date of canopy closure and
depriving the weeds in the bottom story of light; narrow rows could be expected to
close before wider row spacing. A related factor is within-row seed piece spacing.
When spacing’s of 15, 25 and 35cm were investigated a small numerical decrease in
weed biomass was recorded with decreasing within-row spacing, likely because of
more rapid stem elongation and a greater impact on canopy closure.

Growers that have access to compost may use it to improve soil health and increase
tuber yields, but compost may also increase weed competition by increasing early-
season water availability and weed growth. The negative e ect of additional weed
competition will be overcome by enhancement of tuber yield due to the additional
potassium provided by the compost

Do weeds have any useful roles?

We are conditioned to see weeds as a totally negative entity and something that
must be removed as quickly as possible. However let us ask — have weeds any useful
role in agriculture? Under controlled circumstances, a number of bene cial weeds
can make a positive contribution.
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Weeds play a crucial role in mechanically anchoring the topsoil and preventing
‘blow away’ by wind and erosion by water. Weeds have the capacity to germinate
rapidly and colonise bare ground. They take up nutrients like residual nitrogen left
after the previous cropis harvested. These nutrients might otherwise be lost thorough
leaching to lower soil layers. Before planting the next crop, the weeds can be cut and
dug into the soil. This procedure can contribute from 5 to 15 tonne of green manure
per hectare.

Some weeds produce vigorous taproots. These can penetrate from 1 to 5m deep in
the soil. They can break thorough the compaction layer, which is created by successive
tillage operations and they can also seek out nutrients that have been sequestered to
lower layers. These nutrients will now be returned to the above ground parts, which
can be grazed or cut down and converted to mulch.

Itisnotdi culttoimagine other useful roles for weeds, such as providing pollen
and nectar for bees and perhaps even for human consumption.

Finally they must be removed before the next crop is planted and that will
provide employment opportunity and paid work for farmers who require o -farm
employment to supplement their income.

Weed control methods
Weeds in potato crops are controlled by two main methods, mechanical and
chemical.

Mechanical weed control.
Mechanical weed removal generally involves hoeing or tilling the furrow between
the drills with tilling implement tted with tines. Traction is provided by machine or
by animals. While this will e ectively remove weeds from the area between the drills,
the weeds between the plants will be undisturbed and these must be removed by
hand hoeing.

Successful weed removal can be achieved by matching the cultivation implement
to the weed stage. It is useful also to alter the cultural practices so as to best deal with
di erent weed life cycles.

Figure 3.
A potato crop showing near perfect weed control (Photo © Author)
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Itis recognised that potatoes are shallow rooting and therefore extreme care must
be taken to avoid damage to roots, feeding near the surface, by deep hand hoeing.

Notwithstanding the expenditure of time and labour to remove weeds and
maintain a potato crop free from weeds, an excellent result can be achieved using
manual operations (Fig. 3).

Note: Use approval certification and product availability of herbicides are unique
to individual countries. The data contained in the following sections is for
information only and does not constitute promotion or endorsement. No advice
on scheduling or application of herbicides will be provided here

Chemical weed control

Weed control in potatoes can be e ectively achieved by using herbicides. At present
there is a wide range of herbicides available for weed control in potatoes. Herbicide
selection will be dictated by three guidelines:

+ The spectrum of weeds present or anticipated in the crop,
* The potato variety and

« Crop growth stage, and emergence.
Potatoes produced in temperate zones are normally grown in high-input systems.
With access to a range of herbicides, it is not di cult to achieve a high degree of
weed control, even 100% weed free. However two constraints persist: one is the
requirement for adequate supplies of moisture to allow the soil-applied herbicides
become washed down in contact with the germinating seed, the second constraint
is, the presence of resistant weeds.

Herbicide performance depends upon weather, irrigation, soil properties, proper
selection for weed species requiring control, and accurate herbicide application
and timing. It is essential that prior to applying herbicide to a crop the rst step
must be to read the herbicide label and other information concerning the proper
application and timing of each herbicide. Exceeding the recommended application
rate or applying the herbicide at the incorrect growth stage, can have disastrous
consequences, resulting in yield reduction or even crop loss

Contact Herbicides

These include compounds with the trade names “Basta’, “Retro”, and “Spotlight”,
which are used to kill early emerging weed seedlings. They are applied after the
seedling weeds have emerged but prior to the emergence of the potato shoots.
These herbicides have no residual e ect, and are often applied in combination with
aresidual herbicide to give season long control.
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Table 1. Contact herbicides for use in potato crops

Trade Name* Chemical Name/ Mode of Action
Active Ingredient**

Basta Phosphinic acid; Inhibitor of glutamine
Glufosinate-ammonium synthetase

Retro Diquat; Bipyridylium Inhibition of NADP+

reduction

Spotlight Triazolinone; protoporphyrinogen

Carfentrazone-ethyl oxidase

* Trade names are the property of agrochemical companies and may varyindi erent
countries and markets. **Chemical names are unchanging.

Pre Emerge Herbicides

These are generally soil acting and require rainfall soon after application to provide
the beste ect.“Linuron’,“Sencorex”and “Defy” are typical examples of these groups.
They persist in the soil for 6-8 weeks after application, and create a chemical barrier
to any subsequent weed growth. Any form of soil disturbance after application will

break this barrier and allow weeds to germinate.

Note: Besuretoread the productlabel very carefully, as the rate of herbicide application
will vary, depending on soil type. Always check varietal restrictions when using
metribuzin (Sencorex), some potato varieties are extremely sensitive.

Table 2. Residual herbicides for use in potato

Trade Name* Chemical Name/ Mode of Action
Active Ingredient**

Linuron Phenylurea; Inhibits photosynthetic
3-(3,4-dichlorophenyl) electron transport
-1-methoxy-1-methylurea (PS 1D

Sencorex Metribuzin; Aminotriazinone Inhibits photosynthesis

by disrupting
photosystem II.

Defy Prosulfocarb;

S-Benzyl dipropylthiocarbamate; | Inhibitor of lipid
synthesis -
not ACCase inhibition
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Herbicides are de ned by their mode of action. The term‘mode of action’refers to the
biochemical changes occurring in the plant between absorption and plant death.
The mode of action of the herbicide will determine how and when the herbicide is
applied. A herbicide will only be e ective if:

® There is adequate contact with the plant, if,
® |t can be absorbed into the plant and avoid deactivation, if,
® |tis translocated within the plant to the site of action and if,
® Toxic levels accumulate at the site of action.

The mode of action of the Phenylurea and triazinone herbicides classi es them as
photosynthesis inhibitors. Photosynthesis inhibitors result in the production of free
radicals, which disrupt cell membranes. Because these compounds move upwardly in
the plant's xylem, symptoms appear in the leaves. These compounds do not prevent
emergence but become e ective when the weed seedlings emerge, are exposed to
sunlight, form leaves and begin photosynthesis.

Note Some potato cultivars are sensitive to these compounds, so caution is advised!

Initial symptoms are a yellowing (chlorosis) of leaf margins and tips especially of older
potato leaves (Fig 4). Yellowing rst occurs between the veins and moves inward to
the mid-vein. As injury progresses, leaves turn brown (necrotic) and die. Younger
leaves are more a ected as they enlarge. Plant death is not common but loss of yield
and quality is.

Figure 4.
Potato haulm, displaying symptoms of photosynthesis inhibition
induced by herbicides from the metribuzin/linuron group. (Photo © Author)
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Cool weather following the application of these compounds creates conditions
that favor the enhancement of herbicide injury in crops. Cool weather slows the
metabolism of herbicides in the crop, which allows the herbicides to block pathways
and induce injury not normally observed in potatoes. Coupled with the inherent
sensitivity of some varieties, severe injury can occur. Herbicide injury symptoms can
resemble nutrient de ciency symptoms (Fig. 4), but the two should not be confused.
Symptoms can be very visible on the lower, early emerging leaves, but absent on
new upper leaves (Fig. 4)

Potato growing and weed reduction

Cereals are sown by broadcasting the seed and covering it, or sown in narrow rows,
using a seeding machine. Whichever method is used, it is not possible to e ectively
remove weeds, allowing perennial weeds to spread and annual weed to grow, set
seed and shed the seed, before cereal crops ripen. By contrast potatoes are planted
inrowsso thisa ords the opportunity to remove weeds before they can set seed. This
reduces the weed seed load in the soil and means that fewer weeds will emerge in
the subsequent crop. The potato can only poorly compete with perennial grasses that
propagate from stolons; these grasses can become established and spread rapidly
through the potato crop. For this reason the potato is often referred to as a‘cleaning
crop’ Mechanical or hand removal of weeds prevents seed set, thereby reducing
the weed load in the soil and consequently the number of weed germinating in the
subsequent crop.
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® The period from planting to emergence normally extends from 14 to 28
days.

@ Several factors, which can be modi ed by the grower, such as seed storage,
handling during seed assembly, site tilling, planting and post planting
cultivations can modify the period between planting and emergence.

® Weedsemerging before the potato plants can become aserious competitive
threat.

® Weeds can have a detrimental impact on tuber yield when compared to
potatoes grown in weed-free conditions.

® Manually removing weedsis labour intensive. Judicious choice of herbicide,
then applying it at the correct rate and time, can reduce the amount of
energy expended in controlling weeds.
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Section 8.

Crop Establishment

Introduction

This stage in the crop growth cycle is characterized by rapid shoot growth; during
which the canopy may double in height every week for the rst three weeks. In the
early phase of crop establishment, the seed tuber continues to supply metabolites
as the foliage develops and grows, while in the meantime, photosynthesis increases
until eventually the leaves become the sole source of food. The supply of water
and nutrients required to sustain such growth can only be met by a vigorously
growing root system capable of exploring the soil volume in search of macro and
micronutrients.

Root Growth
Potato plants may be raised from true seed or from tubers. Plants grown from seed
produce a tap-root with lateral branches. Plants, grown from seed tubers, form
adventitious roots at the base of each sprout and then later a further group of
adventitious roots from above the nodes on the underground parts of the stem.
Potatoes grown from seed tubers produce a brous root system. These roots
rarely extend much beyond 60cm long, with instances where 85% of the roots were
concentrated in the upper 30 cm of the soil pro le. Potatoes are therefore regarded
as shallow rooted, compared to cereals for example, which can root to at least 125cm
depth. As a result, potatoes are often unable to exploit nutrients and soil moisture at
depth within a soil pro le. Consequently, water and nutrient use e ciencies are low.
A well-established root system is important for subsequent growth and can allow for
quick regrowth after early season defoliation from frost, hail, or insect damage.

Factors affecting root growth

Roots grow not only from the base of the stem but also on stolons and occasionally
on tubers. Root primordia are often visible on the base of sprouts as the cycle of
physiological ageing progresses (Fig. 1). Root growth can be considered as the
result of two developmental processes, occurring simultaneously — the number of
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roots is increasing and the length of each root is also increasing. Potato total root
lengths of 3.4 to 7.1 km m? of soil have been recorded. Root length is enhanced
by the formation of branches (Fig. 1b). Whenever the roots enter an enriched layer
of sail, they branch much more freely. Potassium has a very positive e ect on root
branching and density.

Figure 1.
Root primordia and rootlets at the base of sprouts (a).
Branch formation on roots (b). (Photos © Author)

Root growth patterns are complex. Root growth is restricted in areas where the soil is
compacted but roots proliferate in areas where there is increased nutrient availability.
Agricultural management practices may have a greater impact on root growth than
the in uence of soil temperature, mechanical resistance, macro pore continuity and
available soil water, through the e ects on rooting depth and root distribution with
depth. Rooting depth varies with season, soil texture, and tillage, and increased
rooting depth is associated with increased tillage and decreased soil moisture in
surface soil layers. Therefore when considering root related growth impairments, it is
oftendi cult to distinguish between the roles of soil mechanics and soil nutrients.

Measuring root length density can compare these variations in root growth. Root
length density describes the length of roots per volume of soil. It is an important
parameter in evaluating consequences of root pattern on crop water and nutrient
uptake. Root length density varies with variety, stage of development, depth of the
root layer, availability of soil water and nutrients, soil temperature, structure and
strength. Root length density is negatively impacted by aluminum and manganese
toxicity.

Potato variety and root growth

Determinancy is a measure of the crop’s duration of canopy growth after it has
formed the rst ower. Varieties show a wide range in this character from complete
indeterminancy (continues to produce leavesand owers) to complete determinancy
(canopy integrity relies on the survival of the leaves below the rst ower). The
determinacy of the variety will a ect rooting depths. Indeterminate varieties will
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have deeper roots than determinate varieties. There is some evidence also which
indicates that late-maturing varieties (which are often indeterminate) root deeper
than early ones.

Stage of development and potato root growth

Potatoes have a more super cial root system than many crops such as corn, wheat
and most legumes. In their early growth, (when the tops are 30cm tall) roots are
almost entirely con ned to 20cm of surface soil (Fig. 2). After extending horizontally
to a distance of 30 to 60cm or more, the roots turn more or less abruptly downward
and penetrate the second and third 20cm layers of soil. Roots may also occur in
the fourth 20cm layer. Branching is very profuse throughout the root extent, and
at maturity, laterals occur to the root tips. Usually the branches are relatively short
but so numerous and well rebranched that the absorbing system is very e cient.
Both depth of penetration and lateral spread, as well as abundance and length of
branches, are greatly modi ed by di erences in the water content and fertility of the
soil.

Figure 2.
lllustration of potato root proliferation. (Ref. Weaver, 1926)

When growth of the potato crop is complete the form of the root system will be
almost identical with that found earlier. Practically the only di erence is in its extent.
Some roots will be still distinctly shallow, running their entire course in the surface
5 to 8cm of soil. The paucity of roots penetrating vertically downward beneath the
plant is in striking contrast to the habit of corn and the smaller cereals. All the roots,
whether shallow or deep, freely branch throughout their course, even to their tips.

Depth of the root layer
Potato roots are not distributed evenly throughout the soil layers due to the inherent
nature of rooting habits and the heterogeneity of the soil pro le. Surface soil layers
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have greater root length densities than subsurface layers, and di erent soil pro les
have di erent amounts of roots. Therefore in addition to genetic in uences, the soil
environment and physiological condition of plants also a ects root growth. Roots
exploitthe opportunity to take advantage of favourable features within the soil pro le
where physical, chemical, and biological factors encourage growth and survival.

Water availability and root growth

Root growth is promoted in moist soils and constrained in dry soil. Root growth is also
constrained under water logged conditions when excessive irrigation is provided or
when the soil is brought up to eld capacity by irrigation and this is followed by
heavy rainfall. This problem is sometimes compounded by soil compaction. Water
logging results in anoxia and the accumulation of toxic substances around the roots.
Prolonged wet conditions around the roots reduce plant respiration and increase
root exudation to o set the adverse conditions. The root hairs (Fig. 2a) are a primary
uptake site for mineral nutrients and are adversely a ected by water logging.

Soil moisture de cits must also be avoided, since this has been shown to inhibit
canopy and root growth and reduce tuber yield. But the potato response to drought
is complex, with variation in the response between the plant parts. Moisture stress
reduces total dry matter production and also reduces the proportion of dry matter
partitioned into tubers, while increasing the proportion of dry matter partitioned
to shoots and roots. Furthermore, drought also increased the root: shoot ratio. This
indicates that root growth was maintained at the expense of shoot growth.

Nutrient availability and root growth

The root hairs are lament like projections of the epidermal (outer layer) cells. These
root hairs, in conjunction with the cells of the lamentousroot bers, are responsible
for the vast majority of water and nutrient uptake.

Figure 2a.
A potato root, showing root hairs.
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The root and particularly the root hair (Fig. 2a) is the most important organ for the
uptake of mineral nutrients. There is some evidence that when roots are growing
in an environment, copiously suppliied with water and nutrients, the roots produce
additional root hairs.

Plants take up nutrients from the soil using amechanism known as cation exchange.
In this process, hydrogen (H*) ions are pumped into the soil through proton pumps
located in the root hairs.

Cations attached to negatively charged soil particles are displaced by these
hydrogen ions so that the cations are available for uptake by the root.

Soil Temperature and root growth

There is a consensus in the research literature that while root growth occurs when
soil temperatures are between 10 to 35°C, root growth and development is optimal
at soil temperature values in the range 15 and 20°C. Raising night temperatures over
the range 0 to 20°C, increases root length. Higher temperatures may inhibit root
growth and activity. When potatoes are grown in the sub-tropics, soil temperatures
can exceed the latter values. Root growth is often limited either by low or high
temperatures. Studies investigating the e ect of supraoptimal temperatures (30°C)
show that these high temperatures limit the allocation of assimilates to the roots.
This reduces activity, such as the export of nitrate to the shoots. In potato, the root
response to supraoptimal temperature is characterized by inhibition of cell division
in the apical meristem and reduced geotropic response. The e ect of increasing soil
temperatures over the range 10 to 35°C is illustrated diagrammatically below (Fig. 3)

Figure 3.
Diagrammatic representation of the e ect of increasing temperature
on potato root growth. (Ref. Sattlemacher et.al. 1990c)
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During the period, emergence to 30 days after emergence, the roots were less
sensitive to temperature than top growth. But in the growth stage, 30 days after
emergence to maturity. soil temperature a ected root concentration in the deeper
soil zone but had no e ect on root distribution in a lateral direction.

Effect of soil structure and strength on root development

The physical properties of soil have signi cant e ects on root distributions, which
has been reported for many crops. Compacted soil o fers mechanical resistance and
provides unfavourable conditions for root growth. This results because in addition to
high resistance to penetration, the size of the pore system is reduced. There is also
reduced water drainage and gas exchange, resulting in decreased O, transport to the
root surfaces. Water logging, which induces anoxia, is a major cause of root stress in
potato plants

Soil structure de nes the architecture of the soil and describes the combination
or arrangement of primary soil particles, sand, silt and clay into aggregates. Soll
structure describes the manner in which these soil particles are aggregated. The
structure a ects water and air movement through soil, greatly in uencing soil’s
ability to sustain life and perform other vital soil functions.

Soil structure exerts a major in uence on plant growth. While roots grow most
rapidly in soils with a good crumb structure, their capacity to take up water and
nutrients may be limited by incomplete contact with the solid and liquid phases
of the soil. Hard soil o ers more intimate contact, but conversely the growth of the
roots is so strongly inhibited that this will impair their foraging ability, resulting in
the plant being deprived of water or nutrients. However, many soils, including hard
soils, contain pores that o er niches to allow the roots to grow in. Soil pores exist
between and within aggregates and are occupied by water and air. Macropores are
large soil pores, usually between aggregates, that are generally greater than 0.08 mm
in diameter. Macropores drain freely by gravity and allow easy movement of water
and air. They provide habitat for soil organisms and plant roots can grow into them.
These pores are prone to closure by compaction

The nature of the soil structure a ects the ability of roots to grow and to supply the
leaves with water and nutrients. Adverse soil structures, which restrict root growth,
induces them to activate phytohormones which act as chemical messengers that
alter growth patterns in the shoot. This will occur even if they are currently able to
provide adequate water and nutrients.

As discussed, the soil environment has an impact on root growth, but in addition
the shoot growth can also in uence root growth through its ability to partition the
allocation of carbon to various plant parts.

While the potato plant will grow for between 90 to 120 days and root growth is
central to crop success, the roots constantly undergo change. Whereas early eld
growthis characterised by root expansion to meet the needs of an expanding canopy,
root decay has been shown to commence 50-60 days after emergence
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NUTRIENT MOVEMENT AND ROOT UPTAKE

Root uptake

Nutrient uptake systems in roots describe the mechanisms by which water and

nutrients are transported to the root surface, enter the root, cross the plasma

membrane and pass into the tissue that will transpot the nutrients and water to all
the plant parts.

Brie y described there are a range of mechanisms by which potato roots acquire

nutrients —

» The root grows out and explores the soil and it encounters the nutrient (but the
roots are only in contact with 1% of the soil) or

» When nutrients, dissolved in water, move towards the roots, the process is known
asmass ow. This process will move mobile nutrients such as nitrogen and sulphur.
The e ectiveness relies on the concentration, the higher the concentration - the
more nutrient that moves in the soil solution.

» Nutrients such as phosphorus and potassium move to the root by di usion. They
are absorbed strongly by soils and are only present in small quantities in the soil
solution. When the root absorbs the nutrient, the concentration in the solution
close to the root declines, a gradient is created, so the nutrient di  uses from azone
of high concentration to the depleted zone. Di usion facilitates the movement of
the signi cant amounts of P, K and Zn to the root uptake zone

Factors in the soil either impede or facilitate nutrient movement

» Soil structure: soil compaction is a huge impediment to nutrient movement
throughout the soil pro le, where changes in density will speed up or slow down
movement.

» Nutrient concentration: It is obvious that when nutrients are plentiful they will
move more freely in the soil solution.

» Nutrient absorption: The soil type has a major in uence on the strength of the
bonds that bind the nutrients to the soil and particularly the clay particles

» Nutrient mobility: The major factors governing nutrient mobility in the soil are the
charges on both the soil particles and on the element. Strong negative charge on
soil particles with attract cations.

Table 1. Nutrient mobility in the soil

Very mobile Nitrogen  Potassium
Phosphorus Magnesium

Moderately mobile Copper Iron
Manganese Molybdenum
Sulphur Zinc

Immobile Calcium Boron
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Uptake mechanisms of water and nutrients by roots

» The major sites of water and nutrient uptake are root hairs, along with the
rest of the root surface.

» Osmosis and capillary action describe the process by which water and nutrients
move into the root.

» Plant nutrients are among the particles dissolved in soil water (known as solute).
The movement of soil water from areas of low solute concentration to areas of
high solute concentration is known as osmosis. Osmosis de nes the di usion of
soil water.

» Capillary action results from water’s adhesive and cohesive forces (adhesion:
de ned as attraction to solid surfaces; cohesion: de ned as attraction to other
water molecules)

»When water moves upwards into the plant from the surrounding soil, two
competing forces are active - gravity and capillary action.

» Nutrient ions move from the soil into the plant root by the processes of di usion
and cation exchange.

» Di usion describes the movement of ions down a gradient from high to low
concentration.

» The cortex cells within the root have a charged surface; these charged surfaces
attract nutrientcations and an exchange process occurs. When this cation exchange
reaction occurs, a hydrogen ion is released from the plant root. These H* ions cause
an immediate decrease in the pH of the soil surrounding the plant root

» Within the plant root there are spaces between neighbouring cells; so when water
and nutrients enter the root, they can move through these spaces.

» Water and nutrients enter the cortical tissue of the root by mass owand di usion
but now the uptake and transfer of nutrients through the stele into the xylemisan
active process. Having reached the xylem, the nutrients and water can be moved
to the plant parts where they are required.

Three mechanisms of uptake of mineral nutrients by roots are
recognised:

Simple di usion

Describes the ux of molecules from a zone of higher to lower concentration. No
transport proteins are involved, so this is a passive process with no energy input.
Molecules such as O,, CO, and NH, can move in this manner.

Facilitated di usion

Describes the rapid movement of solutes or ions down a concentration gradient, but
then the transport across the phospholipid bilayer is mediated by proteinsembedded
in the bilayer which can move the larger, charged, hydrophilic, and polar molecules
across. The process relies on conformational change in the embedded protein. Again,
this is a passive process with no energy input

117



- Active transport

Describes the uptake of ions or molecules by cells against a concentration gradient. A
concentration gradient is created when the external concentration of ions dissolved
in the soil solution is higher than the concentration inside the cell. An energy
source is required to provide power for the molecular ‘pumps’ that move the solutes
through the membrane. The requirement is to pump the solute uphill against an
electrochemical gradient. There are three potential energy sources that can drive this
active process: coupled carriers, ATP-driven pumps or light-driven pumps.

There is a close inerrelationship between root growth and mineral nutrient supply.
There are further relationships between root parameters and genotypical di erences
in mineral nutriente ciency. The size of the absorbing surface as well as the ability to
explore undepleted soil layers are important factors for mineral nutrient acquisition.
This ability assumes a greater signi cance when potato crops are grown under
conditions of low fertility.

MACRO NUTRIENT UPTAKE

Nitrogen uptake

Until the potato crop emerges and the mother tuber reserves are depleted, there is
no demand for soil nitrogen. However, when vegetative growth accelerates, potatoes
have a high requirement for nitrogen because they must quickly establish a large
canopy. Nitrogen concentration in the leaves of young potato plants was recorded
at 6%. Furthermore, that canopy must be maintained throughout the tuber initiation
and tuber bulking phase and this extends the requirement for nitrogen. During tuber
bulking the nitrogen demand of a crop may be 2.2 to 3.0 kg/ha/day. Potato roots
take up most of their nitrogen from the soil in the forms of NO," although in acid
environments, ammonium (NH,*) is more likely to be the major source of nitrogen
uptake. Urea, ammonium and nitrate are the three main sources of nitrogen, used in
agriculture. Nitrogen, in the nitrate form, is the most readily available for root uptake
and some of the advantages are:

» Nitrate is not volatile therefore unlike ammonium there is no need to incorporate it
immediately into the soil. This makes the nitrate form suitable for top dressing,

» Nitrate is mobile in the soil — and since it is available for direct uptake by the root,
it has the highest e ciency.

» Nitrate facilitates the uptake of the cations, K, Ca and Mg, while ammonium
competes for the uptake with these cations, which are required to ensure high
speci c gravity in the tubers.

» Nitrates can be directly absorbed by the plant root and do not require any further
conversion, as is the case with urea and ammonium, before plant uptake.

» Nitrate applications do not result in acidi cation of the soil
» The conversion of nitrates to amino acids occursin the leaf. Thisreactionis fuelled by
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solarenergy, makingitanenergy-e cientprocess. Ammonium mustbe converted
into organic N compounds in the roots. This reaction utilises carbohydrates, which
takes from the pool of assimilates that might be directed to the tuber.

Urea is widely used in potato growing. Before it is taken up by the potato root it must
be hydrolysed by the enzyme urease into ammonia and CO,.

This breakdown begins the moment urea is applied to damp soil and happens
very quickly in high pH soils. As the urea particle dissolves, the pH in the area around
it is raises and there is an increase in ammonia concentration. The next process is
nitri cation, where ammonia is converted to nitrate, therough a series of steps, by
soil dwelling autotrophic, aerobic bacteria.

The reaction rate of this nitri cation step depends on having soil conditions, which
favour the activity of the nitrifying bacteria. The following condition facilitate the
nitri cation of NH," to NO, —soil temperature > 20 °C, soil pH5,5- 7,5and su  ciently
available soil moisture and oxygen.

Butaword of caution here! Inwaterlogged soils, resulting from excessive application
of irrigation, the oxidation of NH," is restricted due to the lack of oxygen.

Genotypical di erences in the nitrate e ciency of potato plants may be due to
uptake efficency (total amount of nutrient take up per unit of element available in
the soil) and/or utilisation efficiency (i.e dry matter production per gram of nitrogen
taken up). There is considerable di erences in utilisation e ciency or di erences
in nitrogen acquisition by the roots. About 85% of total nitrogen uptake occurs
by 45-65 days after emergence; so restricting early root growth can have serious
consequences.

The amount of nitrogen that is available throughout the season strongly in uences
the period of maximal light interception. Higher seasonal dry matter can be achieved
the longer nitrogen is maintained in the photosynthesis system

When potatoes are grown under a regime of low nitrogen availability, nitrogen
acquisition is now the most important factor, so the size of the root will become
critical.

Availability of N in the soil is highly dependent on N mineralization (i.e. the
conversion of organic-N to nitrate-N) and N leaching processes. Haulm branching
and crop productivity are a ected when there are signi cant variations in N-
mineralisation during the growing season.

Phosphorus uptake

Since phosphate is transported almost exclusively via di usion to the root surface
the size of the root system should be condisered with regard to explaining genotypic
di erencesin crop yield under conditions of limited P-supply. Phosphate is one of the
key macronutrients required for plant growth and metabolism, due to the relatively
high amounts required by crops. but its availability is a limiting factor for plant
development on some 40% of the worlds arable soils. Even when P levels in the soil
are adequate, the mineral may not be readily available for root uptake because the
preferred form for assimilation - orthophosphate (Pi), is not easily accessible to most
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plants and microbes, due to its adsorption to soil particles and clay minerals plus its
conversion to organically bound forms.

In soils, P may exist in many di erent forms. In practical terms, however, P in soils
can be thought of existing in 3“pools”; solution P; active P and xed P.

The solution P pool is very small and will usually contain only a fraction of a
kilogram of P per hectare. The solution P will usually be in the orthophosphate form,
but small amounts of organic P may exist as well.

The active P pool is P in the solid phase, which is relatively easily released to the
soil solution. As plants take up phosphate, the concentration of phosphate in solution
is decreased and some phosphate from the active P pool is released. Because the
solution P pool is very small, the active P pool is the main source of available P for
crops.

| kgiha
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Figure 4.
Uptake patterns of the macronutrients by a potato crop yielding 55t/ha.
Note: These details refer to a crop grown in a temperate zone in the Northern
hemisphere). (Diagram © PDA UK.)

The xed P pool of phosphate will contain inorganic phosphate compounds
that are very insoluble and organic compounds that are resistant to mineralization
by microorganisms in the soil. Phosphate in this pool may remain in soils for years
without being made available to plants

The major role of phosphorus in living entities is the transfer of energy. Adequte
availability promotes early growth and hastens maturity. Since phosphate is tightly
bound to inorganic or organic components of soils, root uptake is considered a
metabolically active process because simple mass ow, caused by plant transpiration,
can satisfy only 2 to 3% of the total phosphate demand of a crop plant. It is proposed
that a proton symport mechanism drives both the uptake and internal transport
processeswithinthe plant. Suchaphosphate/protonsymportmechanismresponsible
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for the energy-dependent transport of phosphate has been shown to function in
potato root cells. Potato plants take up less phosphorus compared with uptake of
nitrogen and potash (Fig. 4)

Potassium uptake

Successfully growing a potato crop requires large amounts of soil potassium, because
this nutrient is crucial to metabolic functions such as the movement of sugars from
the leaves to the tubers and the transformation of sugar into potato starch. Potato
plants take up potash over the whole eld growth stage, therefore a potassium
de ciency will reduce the yield, size, and quality of the potato crop. This is achieved
by reducing nitrogen uptake, with consequent reduction in haulm growth and light
interception. A lack of adequate soil K is also associated with low speci ¢ gravity
in potatoes. This response results from the reduction in the supply of sugar to the
tubers especially during the critical phase of tuber bulking. In addition to the e ects
on yield, potassium de ciencies impair the crop’s resistance to diseases and reduce
its ability to tolerate stresses such as drought and frost.

The capacity of a potato genotype to grow and yield well in soils low in available
Kis de ned as K e ciency. All major economically important plants have provided
genotypes, which di erin their e ciency of K uptake and utilization. The Ke cient
genotypes are able to absorb higher amount of K from soil (uptake e ciency) and
produce more dry matter per unit of K taken up (utilizatione ciency). An example of
uptake e ciency is illustrated where K-e cient genotypes of potato obtained 46%
of K from the non-exchangeable pool, whereas the K-ine cient genotypes achieved
only 17-25%.

AK-e cientgenotype may have alarger surface area of contact between roots and
soil and increased uptake at the root-soil interface. This maintains a larger di usive
gradient towards roots. However, genotypicKe ciency may not necessarily be linked
to increased root growth. In contrast, aK-e cient potato genotype had half the root
length of the K-ine cient cultivars, despite having similar relative shoot growth rate,
but K-e cient genotypes had higher K in ux than K-ine cient ones. Di erential
exudation of organic compounds to facilitate release of non-exchangeable K is one
of the mechanisms of di erential K uptake e ciency. Other mechanisms underlying
K utilization e ciency are improved translocation of K into di erent organs and
greater capacity to maintain cytosolic K+ concentration within optimal ranges. The
highest concentrations of K — over 8%, occur in the stems of potato plants during
early growth.

Shoot Growth

After planting, the sprouts from the seed tuber grow toward the soil surface. Usually,
more than one sprout will grow from a seed and generally more than one stem
will appear from a sprout. The additional stems from a sprout are actually branches
arising from nodes near the base of the mainstem. After emergence, when the stems
are short and the leaves near the soil surface, the crop is often referred to as being at
the rosette stage (Fig. 5).
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Figure 5.
Potato shoot, early emergence phase, (Photo © Author).

This stage from emergence to canopy extension can be considered as the vegetative
stage of the potato’s growth cycle, when the visible portion of the plant emerges
and develops. Furthermore, the plant looses reliance on the mother tuber as
photosynthesis begins, providing nourishment for the growing plant

Canopy structure

The above ground portion of the potato plant is referred to as the haulm. The
collective of individual plants constitute the canopy. The potato plant is a complex
structure, comprising several stems, with branches, stolons, leaves, owers, fruits and
seeds.

The central element of the plant is the mainstem. The mainstems only originate
directly from the seed tuber and can produce below ground branches. These
branches may function as normal mainstems. The stems carry successive leaves and
terminate in an in orescence. In highly determinate cultivars, no further vegetative
development occurs. In indeterminate cultivars, vegetative growth continues as
a secondary stem is formed at a node subtending the primary in orescence and
terminates at a secondary in orescence. This process may continue to tertiary level
and beyond.

Canopy architecture

The mainstem is considered the unit of density in the potato crop. Potato plants
grown from true seed have only a single stem but when grown from seed tubers and
cut seed pieces several stems usually emerge (Fig. 6).

Factors affecting the number of mainstems emerging

Sproutson seed tubers elongate and emerge to form mainstems. Thereis considerable
interest in predicting the number of main stems that will emerge. The number of
eyes per tuber, the number of sprouts per eye, the number of stems per sprout have
been used to help predict the number of stems per plant; but with only modest
success. The number of sprouts per seed tuber is in uenced by the seed tuber size,
physiological age, storage history, and variety.

122



Figure 6.
Potato plant showing six mainstems emerging from the mother tuber.
(Photo © Author).

Seed tubers, sized 1-5g might be expected to produce 2 sprouts whereas tubers
50-60g could produce 6 to 7 sprouts. It follows therefore that seed tuber size will
in uence the number of mainstems emerging.

Various attempts have been made to relate the number of sprouts per seed tuber
at planting with the number of mainstems emerging in the eld. However, not all
sprouts emerge as stems and the number emerging decreases with increasing seed
size. The ratio between the number present on the seed and the number emerged in
the eld varies with season and with year. The variation in the number of mainstems
and thus the number of tubers produced per plant between seasons illustrates the
importance of using the mainstem as the basic population unit. The number of stems
per seed tuber in uences the number of daughter tubers per unit area.

Seed tuber physiological age a ects the relationship between the above ground
haulm growth and the below ground growth. The physiological age of the seed
tubers at planting has been shown to in uence the number of mainstems emerging
per tuber. When plants are grown from physiologically older tubers they tend to
emerge faster, have more stems, grow smaller vines, have more tubers per plant,
increase tuber-bulking rate, die earlier, and yield less. This strategy is useful when an
early harvest is required to take advantage of higher crop prices in early season. Seed
that is not aged excessively is preferred, particularly for high yield at late harvest.
Physiological age is mainly in uenced by storage temperature but the response
varies between varieties.

Storage history will in uence the number of main stems emerging — heat shock,
cold shock, mechanical damage during handling will a ect the number of sprouts,
with consequent e ect on the number of main stems.
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Varieties vary in the number of mainstems emerging. Even when controlled for
storage conditions, seed tuber size and planting methods there can be a 2-fold or
even greater di erence between the number of mainstems produced per tuber. This
number has practical signi cance as the number of stems per seed tuber in uences
the rate of development of ground cover. Increasing the rate of development of
ground cover in a restricted growing season will enhance yield formation.

Factors affecting branch formation

Mainstem branches have an crucial role in increasing canopy size. Three types of
branches are recognised:

» Branches that form at nodes below-ground,

» Branches that form at nodes above-ground and
» Branches that form in the axil of the node subtending the in orescence.

The level of determinacy will modify the orders of branches forming from the node
belowthein orescence—indeterminate varieties will form several orders of branches
each terminating in an in orescence. In highly determinate varieties no axillary
branches will form. An example of an axillary branch is illustrated in Fig, 7.

Figure 7.
Axillary branch formation (Photo © Author)

Branches originating below ground behave like mainstems and generally produce
stolons and tubers. Branches'arising at over-ground nodes near the base of the stem
form leaves and contribute assimilates to the plant and the developing tubers.

The formation of greater numbers of axillary branches at the lower plant densities,
compensate for the reduction in mainstem density and intercept similar levels of
photosynthetically active radiation to crops with higher planting densities.
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Leaf formation

Potato leaves are arranged spirally on the stem. Leaves are compound; they consist of
amidrib (rachis) and several lea ets. Each rachis may carry several pairs or leaves plus
a terminal lea et. The terminal lea et is usually larger that the subtending lea ets.
The regular arrangement of the leaf pairs may be interrupted by small secondary
lea ets, interjected between the primary pairs. (Fig. 8).

Figure 8.
Lea etarrangement on the compound potato leaf (Photo © Author).

The part of the rachis below the lowest pair of primary leaves is known as the petiole
(Fig. 8).

Various factors in uence the number of leaves on the mainstem. Initially the rate
of formation is linear, with temperature being the major driver. Leaf/haulm growth
occurs at temperatures of between 7 to 30°C, but optimal growth is at around 20
to 25°C. The rate is also in uenced by leaf position on the stem — increasing with
increasing leaf insertion number up to leaf 13 and gradually decreasing after that.
Physiological ageing can markedly restrict the number of leaves per main stem and
contribute to a reduction in LA

The number of leaves before the rstin orescence has a strong in uence on the
development of above-ground lateral branches. Leaf formation on lateral branches
contributes signi cantly to canopy size. The nearer to the base of the stem that the
branch emerges at, the greater the number of leaves likely to form. Basal lateral
branches arising from nodes nearest the base of the mainstem can have a higher
number of leaves than on the mainstem.
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Canopy size
The amount of solar radiation intercepted by the potato crop is a function of the
expansion and duration of the canopy. The canopy size in uences the extent of
photosynthesis, evaporation, transpiration and nal dry matter yield. A measure of
crop canopy size is required for quanti cation and comparison purposes. Leaf area
index (LAI) is a key biophysical variable that will satisfy this role. Leaf area index is
de ned as area of leaf per unit of ground area. In a typical potato crop an LAl value of
3.0 corresponds to full ground cover.

Rate of attainment of ground cover is another method of comparing crop
performance. Ground cover (GC) can be assessed visually by trained observers or
measured using the simple grid illustrated below (Fig. 9).

Note: The grid consists of 100 equal sections and the dimensions should be a multiple
of the plant spacing. For example, when the row width is 75cm and the plants
are spaced at 30cm, a frame with dimensions 75 by 90cm is appropriate. Ground
cover is measured by counting the number of squares more than half-filled with
green leaves.

Figure 9.
Determining the degree of ground cover, using a grid.

Varying degrees of ground cover are illustrated in the following images

Pecentage soil coverage with green leaves

16 % 50% 100%

Figure 10a.
A graphical illustration of the relationship between plant height and ground cover
(Diagram © Aardappelpagina.com. With permission)
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Figure 10b.
Potato canopy at varying stages of ground cover. (Photos © Author)

Canopy duration
Canopy duration is the second major determinant of solar radiation interception.
Factorsa ecting canopy duration will be explored in depth in Section 10.

Stolon growth

Stolons are normally formed at below ground nodes on the stems (Fig. 11). The node
nearest the mother tuber is the site of formation of the  rst stolons. Additional stolons
are then formed in acropetal succession along the stem basal nodes. The greatest
number of stolons per node is generally found at the lowest hode.

Figure 11.
Stolons, most with small tubers already formed (Photo © Author)
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Factors affecting stolon growth
The rst stolons are generally the longest and have more branches than stolons
forming at nodes higher up the base of the stem, nearer to the soil surface

Stolon growth is regarded as an extension of the vegetative growth of the potato
plant and therefore it could be expected that factorsa ecting the vegetative growth
of other plant parts, might also in uence stolon growth. The number of stem nodes
where stolons are formed is in uenced by variety and environmental conditions.
Since stolons are stems, factors, which favour vigorous haulm growth, also favour
stolon growth. The growth of stolons is strongly in uenced by photoperiod and
temperature, with the optimum temperature for stolon growth being similar to that
for shoot growth.

Low levels of mineral nutrient restrict stolon initiation while increasing levels of
nitrogen supply has been shown to increase the number of stolons formed. The form
of nitrogen has been shown to in uence stolon growth - plants supplied with NO_-N
produced more and thicker stolons than plants supplied with NH,-N.

Other environmental factors in uence stolon development. Drought enhanced
stolon number but reduced the total length of stolons. Occasionally roots may grow
onstolons (Fig 12). Droughtalso reduced the number of adventitious roots on stolons,
whereas longer and more numerous stolons and stolon roots were associated with
drought tolerance

Figure 12.
Root development on a potato stolon. (Photo © Author)

Drill shape should be considered when planting di erent cultivars, since they produce
stolons of di ering lengths. A stolon not covered to an adequate depth may emerge
from the side of the drill, form a vertical stem and continue normal growth.
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® The crop establishment stage is characterized by rapid shoot growth; the
canopy may double in height every week for the rst three weeks.

® Potatoes grown from seed tubers produce a shallow root system, which
has implications for nutrient uptake and water use e ciency.

® The central element of the potato plant is the mainstem. The mainstems
only originate directly from the seed tuber and can produce below ground
branches.

@ Stolon growth is regarded as an extension of the vegetative growth of the
potato plant. The growth of stolons is strongly in uenced by photoperiod
and temperature.
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Section 9.

Tuberisation

Introduction

The major developmental event in the life cycle of the potato crop is the formation
of tubers on underground stolons, either at the main stolon tip or the tip of a stolon
branch.

The process of potato tuberisation represents the morphogenetic transition of an
underground shootto atuber, whichis specialised storage organ. During tuberisation,
or the stolon-to-tuber transition, several changes occur in cell biological components.
The changes can be classi ed as morphological, physiological and biochemical. They
are under environmental, nutritional and endogenous regulation. Tuber formation is
a complex biological process governed both by environmental factors and genes. It
comprises several stages:
® Stolon formation and growth,

@ Induction of tuberisation,
@ Tuber initiation,
® Tuber enlargement.

The exact sequence of events leading to tuber formation is not clearly understood.
Furthermore, thereisanincomplete understanding of the activation oftheintracellular
mechanism that switches the developmental fate of stolon meristem cells, resulting
indi erentiation into a tuber. Tuber formationisa ected by several abiotic and biotic
factors, including photoperiod, temperature, levels of carbohydrates and nitrogen.

Morphological changes

Stolon formation and growth

In potato, tubers develop from underground stolons that originate from axillary buds
located at basal nodes on the stem. Stolons are made up of elongated internodes
and small scale-leaves. Notwithstanding that tubers are formed at the tips of the
underground stolons, the stimulus that gives rise to this outcome is a consequence of
processes occurring in other plant organs. The plant detects environmental cues and
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these combine with the phytohormone regulatory system. This triggers a sequence
of processes involving biochemical and morphological changes, which culminate in
the formation of tubers.

Growth regulators, including cytokinins stimulate the transition of axillary buds
into stolons. These buds develop into stolons due to transverse cell divisions and cell
elongation in their apical region. At the onset of tuber formation, the elongation of
stolons stops.

Pre-sprouting of tubers prior to planting has been shown to increase the number
of stolons formed.

Stolon branch formation

Branch formation on stolons is promoted by increasing soil temperatures. This serves
to increase the number of potential tuber formation sites per main stolon and per
plant.Having more than one tuber perstolonincreases competitionforassimilatesand
may signi cantly in uence tuber number and tuber size distribution. This outcome
would be particularly welcome for crops intended for seed potato production.

Induction of tuberisation

Tubers are formed on stolons. Stolons can be considered as underground branches,
but when they grow through the side of the drill and become exposed to light, they
will turn green, form leaves and develop as secondary branches.

"Hook" stage --

Tiny leaves at the rhizome (commonly refered to as
stolon) tips give a hook-like appearance.

The girth of the rhizome is not enlarged.

"Swelling” or "parrot” stage --
Tiny leaves remain at the rhizpme tip.
The rhizome tip swells in an oblong manner

causing a slight bend.

"Initiation" stage --

The tiny leaves at the rhizome tip are not visible.
The swelling enlarges and becomes round
forming a spherical tip.

Figure 1.
Diagrammatic representation of the primary steps in tuber formation. (Ref. Pavlista,
A.D (1995. With permission)
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Figure 2.
Stages of tuber initiation from left — no visible swelling, sub apical swelling, “parrot
stage”, small tuber formed (Photo © Author)

A stolon is a diageotropic stem that is derived from lateral underground buds.
These buds develop at the base of the main stem and grow horizontally underground.
Usually they originate at the most basal stem nodes below the soil surface. They
have elongated internodes, are usually hooked at the tip and bear small scale leaves.
From 3 to 6 weeks after planting, the stolons are in the “hook” stage. This e ect is
produced by tiny leaves at the end of the stolon, forming a hook-like appearance
(Fig. 1). After the hook stage, the stolon next goes into the “swelling” stage. This stage
is characterised by an oblong swelling that forms behind the hook and accompanied
by a slight “bowing” of the tip forming what resembles a“parrot” pro le. Finally from
the swelling stage, the stolons initiate tubers.

Tuber initiation
The start of tuberisation results in cessation of extension (or longitudinal) growth
of the stolon, which is developing a tuber. The tissue that was formerly the stolon
apical meristem converts into a central dormant bud, the eye. This eye, like other
eyes, on the new tuber does not outgrow until the tuber attains dormancy release.
When the stolon experiences conditions, which are favorable for tuber initiation,
stolon elongation ceases. This is followed by enlargement of cells located in the pith
and the cortex of the subapical region, i.e. the rstinternode of the stolon. These cells
later divide longitudinally resulting in swelling of the stolon tip.

In order for tuber initiation to progress, the apical meristem must become
dormant as soon as the longitudinal cell division in the stolon tip ceases. Transverse
cell divisions now commence in the fourth to the eighth node. The buds in the eyes
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of the tuber become dormant in sequence, with the apical eye being the last one to
become dormant.

The combination of these processes results in the swelling of the sub apical part
of the stolon. When the swollen portion has attained a diameter of approximately 2
to 4 mm, longitudinal division stops and is replaced by randomly oriented divisions
and cell enlargement. These occur primarily in the perimedullary zone and continue
until the tuber reaches its nal mass. Two processes are involved in tuber growth
— cell division and cell enlargement. When the contribution of these processes to
tuber growth was compared it was found that the rate of cell division was greater
and made a greater contribution to the increase in tuber size than that contributed
by cell expansion

Tuber formation commences even while stolon formation is progressing rapidly.
This response suggests that the signal to cease longitudinal growth and commence
radial growth is generated locally at the stolon tip.

Biochemical Changes

The role of endogenous hormones in tuber formation

All physiological processes in plants are governed and coordinated by signaling
substances - phytohormones (acting in the role of chemical messengers), including
auxins, gibberellins (GA), cytokinins (CK), abscisic acid (ABA), ethylene (ET), salicylic
acid (SA), jasmonates (JA), brassinosteroids (BR), tuberomic acid (TA), tuberonic
acid glucoside (TAG) and strigolactones. Tuber formation in potatoes is recognised
as a complex process involving a number of interacting biological systems. Plant
hormones have been identi ed as playing prominent roles in controlling di erent
aspects of potato tuberisation. The molecular components of signal perception and
transduction within the individual hormonal pathways have been elucidated using
genetic and physiological studies.

Many phytohormones have been considered as candidates to in uence tuber
initiation. Signi cant e ort has focused on the Gibberellic Acids (GAs) and while in
excess 120 GAs have been isolated and identi ed in plants, only GA, and GA, are
biologically active. When potatoes are exposed to short-day photoperiod and cool
temperature, a transmissible biochemical signal is activated. This signal initiates the
process of cell division and expansion and additionally, a change in the orientation
of cell growth takes place in the sub apical region of the stolon tip. The perception of
the appropriate environmental cues that instigate this change occurs in the potato
leaves and the signal transduction pathway is transmitted by phytochrome and
gibberellins (GA) to the subapical region of the underground stolons.

When chemicals suppressed the growth of axillary buds, or they were removed
manually, tuberisation was promoted. It was concluded therefore that gibberellins
were synthesised in the buds. It was further observed that high temperature
stimulated the synthesis of gibberellins and export of gibberellins to the stolons,
where they inhibited tuberisation.

GA is recognised as having an active role in shoot and stolon elongation.
Meantime in order for a new tuber to develop changes are required in the meristem
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and particularly a change in direction in the plane of cell division. When there are
high levels of GA at the stolon tip, this favours stolon elongation, but declining levels
are required for tuber initiation. During stolon elongation endogenous GA levels are
high and decrease when stolon tips commence swelling, under tuberisation inducing
conditions, whereas GA levels remained high, under non-inducing conditions. The
regulation of tuber formation is not achieved by gibberellins acting alone as the sole
signal between the shoot and belowground parts, since stolon tips have been shown
to synthesize their own gibberellins.

As stated, GA is antagonistic to tuber formation. But to facilitate the process there
is up regulation of the genes involved in degrading GA during early stages of tuber
development. This is followed by a rapid decrease of active GA content, that facilitate
the morphological changes occurring at the stolon-tip. A gene that modi es GA
concentrations has been isolated in the sub apex of the stolon at the onset of
tuberisation. Modifying GA levels permits normal tuber development and growth.
Tuber formation is mediated when DNA-binding proteins of potato enhance or
repress the activity of speci c target genes. This down regulation of GA biosynthesis
genes in the stolon apex facilitates tuberisation

Because auxin is known to have ane ect on many plant developmental processes,
it is not surprising that it might be proposed as a candidate for involvement in tuber
formation. Auxin plays a key role in developmental processes, such as lateral root
initiation. The suggestion of a promoting role for auxin in tuber formation arises from
the nding that auxin levels increase signi cantly in the stolon prior to tuberisation
and then continue to remain relatively high during subsequent tuber growth.

To determine if auxin was involved in tuberisation, the auxin content of swelling
stolons was quanti ed. Results showed that prior to tuber swelling, the auxin content
inthe stolon tipsincreased several fold. During in vitro tuberisation experiments there
were higher levels of tuber formation from axillary buds of explants where the auxin
source (stolon tip) had been excised. The response could be reversed by exogenous
application of auxin. Combining the evidence from those two approaches it can be
accepted that the initiation and induction of tubers in potato is a developmental
process that appears to be regulated by interaction between GA and auxin (The
phrase ‘crosstalk’ is often used in the literature to describe this response, which is
a complex network of interactions and feedback circuits that determines the nal
outcome of the individual hormone actions.).

The regulatory role of GA in promoting stolon elongation and delaying tuber
formation was outlined above. A mechanism to counteract this response is required.
Abscisic acid (ABA) has demonstrated the capacity to ful Il the role of stimulating
tuber formation by counteracting the e ect of GA. Another factor involved in the
tuberisation process is sucrose and sucrose achieves regulation of tuber formation
by in uencing GA levels. Itis further postulated that although ABA is involved in the
regulation of tuberisation, it is the balance between promoting hormones such as
ABA and inhibiting hormones such as GA, which is the controlling factor.

A system for the production and directional transport of auxin in stolons has been
demonstrated and it acts synergistically with a group of plant hormones, known as
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strigolactones. They function to control the outgrowth of axillary stolon buds, similar
to the control of above-ground shoot branching. Itse ectiveness was demonstrated
by applying a synthetic strigolactone analogue on the basal part of the stolon, this
resulted in fewer tubers.

Early research on tuberisation demonstrated that when excised stolons were
supplied with a cytokinin (zeatinriboside), while growing in aseptic culture, they
formed tubers. Excised stolons did not form tubers if they were grown under similar
conditions, but not supplied with cytokinin. The short day exposure of stem segments,
required to induce tuberisation, could be eliminated by treatment with cytokinin.
Through activating cell division, cytokinins may be responsible for the creation of a
strong nutrient sink, which attracts the in ow of sucrose and amino acids.

The mode of action of auxin and cytokinin are di erent: IAA largely increased the
tuber size while kinetin application increased the number of tubers. It is proposed that
this response occurs because cytokinins may have a greater impact on promoting
stolon branching than on tuber induction

Jasmonic acid (JA) is a member of the jasmonate group of plant hormones.
The enzymes involved in the pathway whereby it is biosynthesized from alpha-
linolenic acid by the octadecanoid pathway, have been extensively characterized.
The main functions of this hormone are growth related, including growth inhibition.
Lipoxygenases (LOX) are nonheme iron-containing dioxygenases widely distributed
in plants. LOX catalyzes the addition of molecular oxygen to polyunsaturated fatty
acids that are precursors of jasmonic acid and related compounds. In plants, linolenic
and linoleic acids are the most common substrates for LOX. The highest lipoxygenase
activity in the potato plant was recorded in the stolons. The results indicate that
lipoxygenase plays important roles in the tuberisation and tuber bulking of potatoes,
possibly through the regulation of jasmonic acid biosynthesis. When JA was applied
to in vitro explants, it enhanced tuberisation.

Thefollowing lines of evidence indicate arole forjasmonates in tuber development:
many jasmonate compounds are present in potato stolons; their levels are modi ed
as astolon transitions into a tuber; exogenous jasmonates treatment has induced cell
expansion and jasmonic acid is considered as antagonistic to GA. However, despite
these responses, clear evidence is not readily available for the existence of jasmonic
acid-biosynthetic enzymes in stolons or young tubers.

The technique of in situ hybridization showed that Lox1 class transcripts

accumulated in the apical and sub apical regions of the newly formed tuber,
speci cally in the vascular tissue of the perimedullary region, the site of the most
active cell growth during tuber enlargement. By contrast, the suppression of LOX
activity correlated with a disruption of tuber formation.
The current model of tuberisation control involves complex interactions of genes,
phytohormones, stimulation, inhibition and feedback loops, utilising the complex
mechanism referred to earlier as ‘crosstalk’ Many researchers continue to pursue the
idea of a single compound controlling tuber initiation. Derivatives of JA, including a
hydroxylated form known as tuberonic acid, has been nominated as the candidate
to regulate tuber initiation.
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Carbohydrate supply

A copious supply of carbohydrate to the stolon tip is a prerequisite for tuberisation.
Carbohydrate, mainly in the form of sucrose, is produced in the leaves and transported
via the phloem to the developing stolons.

An early metabolic indicator of tuber formation is an increase in the dry matter
content of the stolon tip and a change in sugar metabolism. A decline in glucose and
fructose contents accompanies an increase in starch content.

Starch accumulation is an important component in tuberisation and cytokinins
promote the mobilisation of carbohydrates. When the activation of starch
synthesizing enzymes is enhanced by cytokinins, there is an accompanying increase
in starch deposition. This suggests an indirect role for cytokinins in tuber formation.
Furthermore, by activating cell division, cytokinins create a strong sink for sucrose
and amino acids.

This raises the question; does sucrose have a role in regulating tuberisation?
Developmental studies and molecular-biological analysis present strong evidence
for such a regulatory role.

When sucrose concentration in the nutrient medium of nodal cuttings was raised
from 2 to 8%, stolon elongation was reduced considerably and the percentage of
tuber forming stolons increased from zero to 100%. Researchers added glucose and
fructose — the constituents of sucrose — to the medium but the yield was only 50%
tuberisation. High levels of sucrose induced visible swelling of stolon tips. A further
response of high sucrose levels was to also induce the synthesis of a speci ¢ set of
proteins associated with tuber formation and involved in nitrogen storage, with
patatin being the most prominent.

However the evidence for a controlling role for sucrose in tuber initiation is not
so clear-cut. For sucrose to act as the major controlling factor in tuber development,
it would be assumed that the stolon tips would contain high levels. This is not the
case. High levels of sucrose were only recorded after visible swelling of tubers has
commenced. But levels could be high in a limited number of speci ¢ cells — for
example in parenchyma cells surrounding the phloem.

The interaction of sucrose with nitrogen and GA in the tuberisation step further
complicates an explanation of the process. A nal elucidation of the tuber formation
process requires further research.

Physiological changes

Tuber enlargement

Changes in morphology and cell division occur in early phases of the stolon-tuber
transition.Whentubershave attained adiameter ofapproximately 0.8 cm, longitudinal
divisions stops but randomly oriented division and cell enlargement occur in the
perimedullary region and continue until tubers reached their nal diameter. Tuber
growth is predicated on cell division and cell expansion, but cell division plays a
greater role in determining nal tuber size. This phenomenon is clearly illustrated
where 200-g tubers of the cultivar “Cobbler” had some 500-fold more cells than their
37-g counterparts, but only tenfold more cell volume.
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Tuber initiation and enlargement are accompanied by massive changes in tuber
physiology and metabolism.

Photoassimilates are generated in leaves during photosynthesis then subsequently
delivered and distributed to a variety of heterotrophic tissues, which utilize the
incoming carbon for growth, or store it for later use. Sucrose is the most plentiful
form of transport sugar. Sucrose is rst transferred to the apoplast, and then actively
uploaded to the phloem followed by export from the leaf to the most demanding
sink. The sucrose arriving to the developing tuber is converted to starch. When
tubers are in their enlargement phase they assume the role of the largest sink of
the plant and store signi cant amounts of carbohydrates (in the form of starch) and
also signi cant amounts of protein. In addition, tubers lower their general metabolic
activity and this facilitates their role as storage sinks.

A potato tuber is not a great source of protein since protein comprises only 2%
of its fresh weight. The protein pro le changes signi cantly during the transition
from stolon to tuber. As a consequence of this change, the protein compliment is
much simpli ed, with patatin becoming one of the most abundant. Patatin is located
mainly in cell vacuoles.

In addition to changes in the protein composition, the most pronounced change
observed during very early stages of tuber initiation and enlargement is the massive
formation of starch, which in the mature tuber typically represents 15 to 25% of the
fresh weight.

Once formed, tubers grow rapidly, reaching a maximum growth rate of up to 1.0
t/ha/day in temperate climates.

Figure 3.
Formation of tubers at nodes on the main stem (a).
Formation of tubers on sprouts (b). (Photos © Author)

Alternative forms of tuber initiation

Tubers normally form at the tips of stolons, but stolon formation is not essential for
tuber formation as they can form in nodes of branches or on tuber sprouts under
extreme conditions, often as a consequence of wounding or disease at the base of
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the stem interfering with translocation of assimilates (Fig. 3a). Tubers may also from
on buds due to extreme levels of accumulation of physiological age (Fig. 3b)

Environmental Factors and Tuber Development

A long list of factors has been shown to a ect tuber formation. The duration from
planting to tuberisation depends on many factors, but planting date, variety,
temperature, seed tuber quality, soil moisture content, nitrogen fertilisation and
light have the greatest e ect. Factors in the physical environment in uence tuber
initiation by modifying the synthesis, destruction, transport and activation of growth
substances.

The effect of temperature

The majority of the currently grown commercial cultivars were developed in
temperate areas and consequently they are adapted to produce their highest yields
under moderate temperature regimes.

Stolon formation and extension is promoted by an increase in temperature over a
wide range of temperatures. This will normally be provided by the seasonal increase
in soil temperature as the growing season progresses. High air temperatures impede
induction and initiation. Whereas stolon formation is not prevented by high soil
temperature, elevated temperature inhibits tuber formation.

The colder the soil temperature, the more rapid the initiation of tubers and the
greater the number of tubers formed. The optimum soil temperature for tuber
initiation is 15 to 20°C — especially during nighttime. Night temperatures, in particular
have a strong in uence on tuber initiation — high nighttime temperatures may
induce high GA concentrations in the stolon tip, with consequent disruption to tuber
growth. When nighttime temperatures reach 25-27°C, there is a sharp reduction in
the number and weight of developing tubers.

When grown at 15°C (below the optimum tuber initiation temperature of 20°C)
tuberisation was delayed by one week. But when grown at 25°C tuberisation was
delayed by three weeks. It is proposed that the slower tuberisation at 15°C probably
resultsfromslowed metabolismand growth. The delayed tuberisation at 25°C however
is associated with accelerated metabolism and growth and is due to the induction of
speci cinhibitory e ects (e.g. elevated GA) caused by the high temperature on the
tuberisation process. Hence potatoes are considered a cool season crop. For success
in tropical climates, cultivars must be developed that will not produce tuberisation
inhibiting levels of GA, when exposed to high soil temperatures.

The response to high temperatures is not consistent; in some situations stolon
development was delayed, but the nal number was increased, since tuber initiation
was delayed more than stolon initiation. This provided increased time and additional
assimilates for extra stolon formation. There is considerable genetic variation in
the ability to complete tuber formation at elevated temperatures. The response
to elevated temperature varies between cultivars, with some cultivars extremely
sensitive to high root and shoot temperatures, displaying a severe reduction in
stolon number.
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The timing of the temperature increase has signi cant implications for the
tuberisation response. Warm temperatures during early growth, followed by cool
temperatures, give better tuberisation than the reverse situation.

In addition, the high endogenous levels of JA, TA, and TAG were observed at
low temperature suggesting that the increase in LOX, which is activated by low
temperature, results in large amounts of endogenous JA, TA and TAG, which play a
crucial role in potato tuber induction.

The effect of photoperiod.

Seasonal uctuationsin day length regulate important aspects of plant development
such as the formation of tubers in potato. Day length is sensed by the leaves, which
produce a mobile signal, transported either to the shoot apex or underground stems,
to induce a tuberisation transition.

The potato tuber is an enlarged portion of the stolon. The transition from stolon
to tuber is triggered by short days and is enhanced by exposure to short day lengths.
The center of origin of the potato crop is regarded as the Andes of South America
and here it evolved short-day-dependent tuber formation to provide a vegetative
propagation strategy. Due to its origin close to the equator, the potato is essentially
short-day dependent for tuberisation. When the crop was originally introduced to
the northern latitudes it would not form tubers in the long-day conditions of spring
and summer.The rst task therefore for the original growers was to select lines, which
formed tubers under the new long day conditions. The commercial cultivars of today
are descended from those selections. However, various cultivars vary in the extent of
their dependence on short day conditions to promote tuberisation. Many cultivars
have no absolute requirement for short days. The currently available commercial
cultivars will produce tubers under a wide range of day length conditions.

Under short-day conditions, the potato plant will have short stolons and shoots.
Longer day lengths delay tuber initiation and favor the growth of the stolon and
shoot. High temperatures also reduce tuber formation. Late varieties seem to be
more sensitive to long day lengths or high temperature conditions.

Effect of light intensity.

Since tuber initiation is regarded as a photoperiodic response, it is likely therefore
that it is also in uenced by radiation intensity. Low light intensity during day light
hours resulted in decreased induction to initiate tubers whether the experiments
were conducted in the eld or in a controlled environment.

Low irradiance, particularly when combined with high temperatures restricts
tuberisation. Studiesonthee ectofirradiance ontubernumbermainlyrely ontheuse
of arti cial shading to modify irradiance. Care must be taken with the interpretation
of such experiments to ensure that spectral e ects are not compounding the shading
response. The results of these shading experiments may be summarised as follows.
® The response to shading varied with cultivar.
® Shading delayed stolon initiation but stolon number was nota ected when light

levels were reduced by 50% early in the growing cycle.
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® Shading prolonged the stolon elongation period and delayed tuberisation
® Finally, shading, either reduced tuber number, had no e ect on nal number of
tubers, orincreased nal tuber number.

However, itis reported that shading levels, which reduced radiation by approximately
50% during the period of tuber initiation decreased tuber numbers by 20%. The
shading treatment had a more pronounced e ect on number of tubers growing
to a size less than 50 mm compared with the number greater than 50 mm. Since
the period of tuber initiation may be as short as 2 - 7 days, thus the occurrence of
cloudy conditions over such a period can have a considerable impact on crop tuber
numbers. Care must be taken when considering the e ects of light intensity on tuber
initiation so as to ensure that the e ectis not confounded by unwittingly introducing
variation in temperature. In a computer-based simulation of crop growth, the onset
of tuber initiation was identi ed as the most temperature sensitive yield parameter.

Whileat eldlevel, the grower cannotin uence radiation, the shading experiments
described above elucidate the relationship between light and tuber initiation. Further
they provide a mechanism to explain seemingly anomalous responses in tuber
number from similar husbandry treatments between production sites and growing
seasons. As already mentioned, temperature, light intensity and nitrogen levels are
all thought to exertin uence through their e ect on GA levels.

Effect of soil moisture

If potatoes experience a drought period during the phase between planting and
stolon development this will reduce stolon numbers and then impact on tuber
size distribution. Where large numbers of small tubers are required, such as in seed
crops, it is essential to provide adequate moisture at stolon formation. While there
is a widespread understanding that drought stress limits tuberisation, the precise
molecular mechanism governing the response has not been elucidated. A possible
explainationisthatthedroughtstressresponseiscontrolledbydi erentiallyexpressed
genes and further that these genes achieve their e ect through their involvement in
phytohormone biosynthesis and also in the a liated signal transduction pathways.
Reverses in tuber growth due to interruptions in moisture supply can result in tuber
malformation, growth cracks and secondary growth.

Nutritional factors
Calcium nutrition
Considerable research studies have elucidated the role of calcium in potato tuber
formation. Calcium is one of the major essential nutrients and performs a central
role in a number of fundamental cellular processes like cytoplasmic streaming,
thigmotropism, gravitropism, cell division, cell di erentiation, plant defense
photomorphogenesis, and various stress responses.

While it has been shown that Ca?* is required for tuberisation, supplementing the
soil Ca with additional applications have also been shown to alter the tuberisation
pattern. Adding Ca to the soil during tuberisation can reduce tuber number. This
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suggests that the tuberisation message may be modi ed by increased Ca levels in
the soil. Since both calcium chloride and calcium nitrate additions could reduce tuber
numbers, it is proposed that it is the Ca** and not the chloride (CI) and nitrate (NO,)
anions that are inducing the response. The mechanism underlying the Ca?" induced
alteration of tuberisation is not known. One proposal is that a Ca/calmodulin pathway
can modulate GA biosynthesis. When the soil Ca concentration is increased by adding
additional forms of Ca, this may suppress the tuberisation signal by increasing the
formation of GA.

Calcium in not mobile in the phloem, so this raises the question — how does the
developing tuber acquire its’ calcium? Some cultivars such as ‘Russet Burbank’ form
tiny roots on the tubers and these can take up water and nutrients from the soil.
Other cultivars produce roots on their stolons (Section 8, Fig. 12) and these can also
take up soil borne nutrients, including Ca.

Nitrogen nutrition

It is a well-documented response that excess soil nitrogen delays tuber formation.
This response is sometimes characterized as competition for assimilates between the
production of new leaf material or the translocation of available assimilates to roots
and stolons. When plants are grown under photoperiods that induce tuber initiation,
a continuous N supply could o set the response and prevent tuberisation, probably
through its e ect on endogenous growth regulator levels. Nitrogen nutrition,
photoperiod and temperature may control tuberisation by changing the ABA: GA
ratio.

The mechanism, by which high or continuous N supply delays or inhibits tuber
formation, is regarded as an indirect relationship. High N acts by enhancing
production of the inhibiting hormone GA and depressing production the promoting
hormone ABA. The resulting low ABA: GA ratio increases shoot growth and delays
tuber production. This response will decrease tuber yields of early harvested potatoes
but will increase LAl and yield in a season in which growth is prolonged. High levels
of N supply after the start of tuber initiation again alters the ABA: GA ratio and may
lead to the cessation of tuber growth and stolon formation.

The delay in tuberisation due to high N varies between cultivars. High available
soil nitrogen at planting had minor e ects on the time of tuber initiation for an
indeterminate cultivar.
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The tuberisation process:

@ Involves the development and growth of the stolon

@ Stolon elongation inhibition.

@ Swelling of the stolon tip,

@ Tuber formation is modulated by environmental and physiological factors.

@ Tuberisation is reversible; the contents of the tuber may be resorbed under
stress conditions before the tuber reaches a survivable size.

® The process of tuber set makes a greater contribution to nal number of
tubers than tuberisation.

N J

Sources accessed in the preparation of this section.

Ewing, E.E, Struik, PC. (1992). Tuber formation in potato: induction, initiation, and growth.
Horticultural Reviews 14: 89-198.

Hannapel, D.J.,, Chen, H., Rosin, EM,, Banerjee, AK., Davie,PJ. (2004). Molecular controls of
tuberisation. American Journal of Potato Research. 81, 263-274

Krauss A, Marschner H. (1982). In uence of nitrogen nutrition, daylength, and temperature
on contents of gibberellic and abscisic acid and on tuberization in potato plants. Potato
Res.;25:13-21.

Menzel, C.M. (1980). Tuberization in Potato at High Temperatures: Promotion by Disbudding.
Annals of Botany,

Pavlista, Alexander D.,“EC95-1249 Potato Production Stages: Scheduling Key Practices”(1995).
Historical Materials om University of Nebraska-Lincoln Extension. Paper 1584.

Pelacho, AM; Mingo-Castel, AM. (1991). Jasmonic acid induces tuberization of potato stolons
cultured in vitro. Plant Physiology, 97: 1253-55

Struik P.C., Vreugdenhil D., Van Eck H.J., Bachem C.W., Visser R.G.F. (1999). Physiological and
genetic control of tuber formation. Potato Res., 42: 313-331.

Viola, R. (2001). Tuberization in Potato Involves a Switch from Apoplastic to Symplastic Phloem
Unloading. The Plant Cell February, 13: 2, 385-398.

Vreugdenhil D., Struik P.C. (1989). An integrated view of the hormonal regulation of tuber
formation in potato (Solanum tuberosum L.). Physiologia Plantarum, 75(4): 525-531.

Xu X, Vreugdenhil D, van Lammeren AAM. (1998). Cell division and cell enlargement during
potato tuber formation. Journal of Experimental Botany 49:573-582.

142



Section 10.

Canopy Growth and Tuber Bulking

Canopy growth

Introduction

A typical potato canopy is composed of mainstems, axillary branches and their
compliment of compound leaves. The size and longevity or duration of the leaf
canopy are major determinants of yield in potato crops. Critical determinants of
potato canopy growth and development are appearance, expansion, and duration of
individual leaves. Canopy growth and expansion can be de ned in terms of extension
growth of the mainstem, leaf appearance rate (LAR), leaf expansion rate (LER), basal
branch and axillary branch formation. Canopy expansion and duration are a ected
by both environmental factors such as temperature; soil conditions such as nutrient
and moisture content also agronomic factors such as stem density.

Growth of Canopy Components
Stem elongation rate, stem growth duration and nal mainstem length are important
characteristics of canopy growth. It may be assumed that these parameters would be
in uenced by growing site and by cultivar and would di er between determinate
and indeterminate cultivar types. Environmental factors such as moisture stress has
been shown to impact all three parameters. By reducing irrigation levels from 100%
of requirement to 50%, stem elongation rate was reduced by 30%; stem growth
duration was increased by 10% and nal mainstem length reduced by 35%.

Maximum stem length is cultivar and site dependent, but soil nutrient availability
has a greater e ect than that exerted by competition for light, through altering stem
density. Increasing the mainstem density enhances stem elongation rate. This can be
achieved by reducing the inter plant or inter row distances.

Nitrogen partitioning during canopy expansion has been studied and the results
show that a hierarchy of need within the crop dictates partitioning:
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® Following tuber initiation, the tubers have priority access to available N to
maintain their minimum N requirement of 0.8% by mass. Under limited N status
in the soil, this allocation to the tubers, at the expense of the canopy, can induce
premature senescence.

® The next priority is for structural N in the canopy — assumed to be 0.5% by mass.

After this comes the priority for N for leaf expansion —at 2.0 g m?.

® When excess N is available it enters a labile pool consisting of NO, stored in
vacuoles in leaf cells — 0.4 g m?, and nitrogenous compounds stored in stems
—up to 4% by mass.

Demands are lled by uptake from the soil if any N exists there and failing that, by
remobilization from canopy layers at the base of the stem, to the current demander

Calculation of leaf appearance rate (LAR) is central to crop growth studies. The
number of accumulated or emerged leaves on a mainstem is a de ning measure of
plant development and this number can be calculated by integrating LAR over time.
The number of leaves is related to the timing of several developmental stages. For
instance, when a certain number of leaves are emerged on the main stem, branching
begins. Leaf number, also in uences the leaf area that intercepts and absorbs solar
radiation for canopy photosynthesis and which impacts dry matter production and
crop yield. The rate of leaf appearance is generally linear during the rst phase of
plant growth.

A major environmental factor that drives leaf appearance in potato is temperature.
Thermal time (TT), measured in units of degree-days (°C day) expresses the time
needed for the appearance of one leaf. A rate of leaf appearance has been reported
at 0-53 leaves d™ (one leaf per 28 °C d) and was negligibly a ected by nitrogen
supply. However, expressing leaf appearance in terms of TT may be subject to
criticism because there are di erent ways to calculate TT, which can cause di erent
results from the same data set. Furthermore, the assumption of a linear response of
development to temperature is not completely realistic from a biological point of
view. The rate of leaf appearance was linear over the temperature range (9—-25°C) and
above 25°C there was no further increase in the rate

Because leaf appearance is not related to the rate of elongation of main stems, the
same number of leaves may be carried on stems, which vary considerably in height.

Leaf expansion rate is related to leaf number and nitrogen supply. Smaller leaves
are found at the base of the stem; the area of individual leaves increases with leaf
number until tuber initiation; reaches a maximum 12-14 and then the area declines
with the higher i.e. the younger leaves. The mature leaf area was determined by the
expansion rate of the leaves and that was independent of leaf number and nitrogen
level.

Air temperature signi cantly in uences potato leaf area expansion, with cooler
temperatures providing the maximum individual leaf area values. There is a negative
relationship between increasing temperature and growth duration, (de ned as the
time interval between leaf appearance and when 99% of nal area was attained).
Growth duration increased by about 4 days when plants were grown at a day/night
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temperature regime of 14/10 °C compared with growing at a day/night regime of
34/29 °C.

Di erences in LAl may be due to di erences in the number of leaves per plant
or the size of leaves. The value is a ected by seed tuber factors, such as seed tuber
physiological age, photoperiod and temperature, which a ect the number of leaves
per main stem.

Many studies have reported a reduction in the number of leaves per main
stem that emerge from seed having high levels of physiological age. The e ect
of photoperiod on leaf number per main stem is somewhat inconsistent, varying
between experiments and cultivars. There is a general tendency to observe a greater
number of leaves on stems subjected to long days compared with short days. The
e ect of three temperature regimes — 16, 22 and 27 °C on leaf number per mainstem
on cv. ‘Bintje’revealed values of 14, 20 and 32 leaves per main stem respectively.

The number of above ground stem leaves per main stems varies widely, but
typically ranged from 14 to 18. Nitrogen supply did not a ect the number of main
stem leaves.

Basal branches contribute signi cantly to PAR interception and assimilate
partitioning. Basal lateral branches, which are inserted in the main stems at
positions near or below soil level, can produce similar or even greater numbers of
leaves compared with its mainstem. Elevated growing temperatures increases the
number of leaves on basal lateral branches. Basal branch formation is enhanced
by physiological ageing of the seed tubers, by increasing soil nitrogen and in the
presence of adequate amounts of soil moisture. Basal branch formation is impacted
negatively by increasing mainstem density

Axillary branch formation is mainly associated with indeterminate cultivars and
is promoted by physiological and environmental factors that promote vigorous
growth. The mature area of leaves on apical lateral branches decline with increase
in leaf number. Nitrogen promotes apical branching and hence the total number of
leaves that appear on a plant. Nitrogen supply increases the proportion of total leaf
area contributed by leaves on apical branches. The contribution by leaves on apical
branches also increases with duration of growth. Leaves at an intermediate position
on the stem had the greatest leaf area and the greatest leaf length. Doubling the
mainstem density treatment decreased leaf area growth of potatoes when compared
with single density treatment.

How Does Canopy activity a ect tuber yield?

Recent developments in crop growth analysis have provided a basis whereby

di erencesin tuberyield may be examined against a set of measurable criteria. Tuber

yield is determined by:

(I) The amount of photosynthetically active radiation (PAR - light in the 400 to
700 nanometer wavelength range) intercepted by the canopy

(1IN The e ciency with which this radiation is converted to dry matter and

(1) The proportion of accumulated dry matter partitioned to the canopy and
the tubers.
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Each of the foregoing steps can be in uenced by the grower and an understanding of
their contribution to tuber yield can help explain variation in yield observed between
varieties, between growing seasons and between elds within a growing season.

() Maximising radiation interception
Radiation interception can be considered either in terms of ground cover, leaf area
index (LAI) or leaf area duration (LAD). LAl describes the ratio of ground area to the
area of leave’s, which subtends it. The leaf area in uences the fraction of light that
passes through the canopy and is not intercepted. In the potato crop, peak leaf area is
chie yin uenced by variety, fertiliser application and planting date. Ground cover is
normally achieved at LAl 3.0, at which approximately 85% of the available radiation is
intercepted. Using a grid provides a non-destructive measure of percentage ground
cover (Section 8; Fig. 9). This value correlates well with the proportion of intercepted
PAR as measured by solarimeter tubes or by destructively measuring LA

The grower can manipulate crop growth and development patterns to maximise
PAR interception by addressing a range of strategies - and a few will be discussed
here.

Factorsa ecting PAR interception

The obvious advantage of early planting will not be discussed further - except to
caution against tilling wet soil and planting seed tubers before soil temperatures are
adequate to facilitate sprout growth.

Tuber related factors

Physiologically ageing seed tubers for 200 day-degrees >4°C has been shown to
advance emergence by approximately 10 days. This is a useful strategy to combat
the negative e ect on tuber yield arising from a truncated growing season.

A factor which has a signi cant impact on PAR interception and over which
the grower has complete control, is the choice of variety. Indeterminate, varieties
intercepted as much as 98% of the light and maintained 95% interception for up
to a month. By contrast, highly determinate cultivars often only achieve maximum
interception values of 90%, and this level was maintained only for a week.

Ithasbeendemonstrated that under the short season growing conditions, cultivars,
which produce canopies intermediate in size and degree of upright growth habit,
appear to be most e cient in terms of maximising tuber bulking rates. Genotypes
with this type of canopy structure develop rapidly and mature early, providing a
high tuber yield. The ideotype of the potato cultivar which can deliver reduced leaf
shading and improved leaf-angle distribution, should have leaves at the top that are
more erect combined with more horizontal leaves toward the bottom of the plant.
This would permit increased light penetration, and promote increased absorption of
photosynthetically active radiation deep in the haulm.

Both biotic, pathogens and pests also abiotic factors nitrogen nutrition and
moisture availability can result in reductions in the amount of PAR intercepted by
the canopy.
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Nitrogen nuttition.

Application of nitrogen has a profound in uence on peak LAl and on leaf area
duration and on PAR interception. Nitrogen has a direct role in the photosynthesis
process since some 20 to 30% of total leaf nitrogen is utilised for the synthesis of
Ribulose-1,5-bisphosphate carboxylase (RuBisCO) the most abundant protein in
leaves, accounting for 50% of soluble leaf protein in potato plants

To the vexed question - how much nitrogen? - there is no single answer, as the
requirements of each site must be addressed separately. However the guiding
principle must be, only apply su cient N to ensure a peak LAl which does not
promote lodging — since lodging interferes with radiation interception and permits
leaching which damages the environment; yet supply su cient N to facilitate an
appropriate leaf area duration throughout the growing season. Nitrogen a ects dry
matter production and growth by in uencing the rate of leaf expansion, nal leaf
size and nitrogen content of leaves, but not the growth duration.

Nitrogen de ciency reduces leaf area (canopy expansion) and thus the amount
of radiation intercepted. Only nal leaf area and the mean expansion rate are
regarded as signi cant functions of nitrogen availability, growth duration is not.
The time to reach 95% of nal size is highly variable and not related to N treatment.
Leaf expansion rates, especially for higher order leaves in potato are also a ected by
carbon limitation.

Potato plants displaying yellow leaves is generally regarded as a symptom of lower
nitrogen contents in the leaves. Low nitrogen levels may a ect photosynthesis in
addition to PAR interception, since there is a strong correlation between nitrogen
concentration in leaves and their photosynthetic performance.

It is worth noting that increasing nitrogen application does not directly increase
tuber size, but rather prolongs canopy duration and permits sustained radiation
interception, which then results in increased tuber size. In order to maintain an
optimum plant canopy, which will sustain tuber growth, soil nitrogen sources and
splitN fertilizer applications have a major role. While there is an extensive literature on
the e ects of nitrogen on tuber yield there is little quantitative information available
onhowNa ectsfactors such as expansion, nalsize and duration ofdi erent organs
in the potato plant.

In the research literature there are reports of contrasting responses to nitrogen
application and canopy component development. It was found that leaves of eld
crops provided with ample N had shorter life spans than comparable ones from
N-de cient crops. This may result from mutual shading of lower leaves as leaves
higher up the phylum increase in size. In contrast a positive e ect of high rates of
N supply on the leaf longevity in the order of three weeks was observed for potato
plants growing in pots. It is has been demonstrated that redistribution of N in the
canopy of N-replete plants allowed the growth of lateral branches towards the end
of the season, thereby maintaining photosynthetically active leaves for longer than
N-de cient plants

Availability of N in the soil is boosted by N mineralization and depleted by N
leaching to the lower areas in the soil pro le. Nitrogen availability, haulm branching
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and crop productivity are considerably in uenced by conditions during the growing
season.

Furthermore, N uptake is in uenced by plant density, which a ects tuber yield
quantity and quality. The latter is particularly important in relation to tuber size
distribution. This strategy of close spacing/high density underpins potato seed
tuber production where the emphasis is on producing a large number of small size
tubers.

High N levels enhance the number of leaves on the mainstem and promote axillary
branch formation. Apical branches, generally associated with indeterminate varieties,
additionally contribute to PAR interception and high N also promotes these.

Moisture availability

Di erent levels of drought di erentially a ect plant canopy structure and yield.
Genotypic variation is also found among genotypes in producing canopy and yield.
Potato genotypes respond to moisture stress by demonstrating reduction in plant
height, number of above ground shoots per plant, tuber number per plant and
tuber yield. The magnitude of the reduction is a function of the di erent degrees of
drought. Water de cit reduces yield in sensitive genotypes by reducing many yield
determining parameters such as number of leaves, plant water potentials, leaf area,
stem height, ground coverage, tuber growth and yield per plant. Tolerant genotypes
showed comparatively less reduction in plant height, above ground shoots per plant,
tuber number per plant and yield.

Drought reduces tuber yield and quality by causing stomatal closure, which
limits photosynthesis, leading to reduced canopy growth. Drought a ects yield, not
by in uencing tuberisation since similar numbers of tubers are formed; but under
moisture stress conditions there is a higher degrees of tuber re-sorption. There is
research evidence to show that maximum yields are obtained when soil moisture
does not drop below 50% of crop available water in the soil, although it may vary 25 to
75%. These di erences can be explained by climatic, plant and soil characteristics.

Biotic factors such as pathogens and pests also reduce the amount of PAR intercepted
by the canopy

Pathogens
Late blight, caused by the fungus Phytophthora infestans causes extensive yield loss
in the potato crop world wide each year. It causes this damage by invading and
destroying the foliage and reducing he amount of PAR intercepted by the canopy. For
any environment where potatoes are grown, there is a linear relationship between
dry matter production (foliage and tubers) and the quantity of intercepted PAR.
When the canopy is protected by the use of resistant cultivars, adjusting the planting
date to avoid infection or by the application of fungicides, tuber yield is maintained.
Cultivars that are resistant to late blight or that set tubers at low levels of intercepted
radiation partly avoid the yield penalty associated with late blight infection

The fungus Alternaria solani causes early blight. Field experiments were
conducted over two seasons to investigate the e ect of early blight epidemics on
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PAR interception, radiation use e ciency (RUE), and total dry matter production of
potatoes. Early blight reduced PAR interception by 9% in both seasons and RUE by
17% and 28% in both seasons respectively.

Virus infection, e.g. potato virus Y, reduces canopy size and hence the amount
of PAR intercepted. Diseases, which induce wilting symptoms, e.g. bacterial wilt
(Ralstonia solanacearum), colonise the plant xylem system and prevent water uptake,
thereby reducing the RUE value, or even killing the plant.

Pests

Aphids reduce the growth of the potato plant primarily by removing dry matter. This
is accomplished by removing, phloem sap, which is a complex mixture of substances,
including mineral ions, amino acids, organic acids and plant hormones. Since the
dominant component in phloem sap is sucrose, the host’s response to infestation
is likely to be strongly in uenced by its photosynthetic rate, and hence by PAR it
receives.

(I Conversion of radiation energy to dry matter

Photosynthesis can be described as the process of dry matter production, whereby
in the presence of sunlight, water and carbon dioxide are combined to produce
glucose - sucrose - starch. Radiation-use e ciency (RUE) relates biomass production
to the photosynthetically active radiation (PAR) intercepted by a plant or crop. RUE is
acrop-dependent coe cient widely used in the physiological interpretation of crop
response to the environment and management practices.

RUE is de ned as the ratio of dry matter produced per unit of radiant energy
used in its production. Seasonal RUE, (g MJ?) can be expressed as the slope of the
regression of aboveground biomass (g m?) obtained in successive harvests, versus
cumulative intercepted PAR (MJ m2). Radiation-use e ciency is dependent on light,
temperature, vapor pressure de citand factorsinherentto plantspecies. Forexample,
RUE increases with increasing rate of leaf photosynthesis. Increasing soil fertility
signi cantly increases both PAR interception and RUE. In potatoes, the amount of
applied nitrogen and RUE are linked by a strong positive relationship. High nitrogen
increased RUE in potatoes from 1.97 to 2.78 (g MJ?).

Similarly, a list of factors decreases RUE — including increasing leaf age, respiration
and the higher energy costs associated with the biosynthesis of some plant
constituents. RUE has been shown to decrease slightly during high temperatures,
probably as a result of partial stomatal closure and a reduction in photosynthesis in
response to high vapor pressure de cits. Also, an increase in temperature may result
in a greater increase in maintenance respiration than in leaf photosynthesis. RUE also
depends on the crop development phase, and the degree of infestation of plants
with disease.

Di erencesinRUE have been proposedto explainyield di erences between potato
cultivars, which had similar spatial and temporal patterns of canopy development. It
has also been proposed that since RUE is a critical determinant of yield di erences
between potato cultivars, it could be included as a as breeding criteria in the search
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for higher tuber yields As with radiation interception above, several factors in uence
the e ciency of conversion of PAR to dry matter.

Growth is never limited by carbon dioxide concentrations in the atmosphere
surrounding the leaves but rather by the inability of the plant to absorb it due to
stomatal closure. Ensuring an adequate supply of water will permit the e cient
conversion of radiant energy to dry matter. Drought has been shown to a ect
radiation use e ciency, harvest index, and tuber dry matter content.

Yellow leaves generally have lower nitrogen contents, which may a ect
photosynthesis and hence the RUE since it has been demonstrated that there
was a strong positive linear relationship between RUE and applied nitrogen. The
relationship between N fertilisation and RUE is not absolute, as one study has shown
noe ectofNde ciency in potato on RUE.

Reported values of RUE for potato crops di er greatly among locations. In a study
in Hawali, dry matter production increased as the elevation increased from 91 to
1097 m.a.s.l., because of increases in RUE values. The researchers related the increase
in RUE values to the decreased temperature at high elevations, not withstanding that
light intensity was similar at both locations.

Fungicides protect the canopy from attack by late blight and reduce the yield
penalty associated with infection. This response is achieved by maximising the
radiation reception receipts not by increasing the radiation use e ciency.

Competition from weeds has been shown to in uence potato RUE. Radiation use
e ciency reduced with a decrease in duration of the weed free period and increased
with increasing duration of the weed interference period.

(111) Proportion of assimilated dry matter partitioned to tubers -
Tuber Bulking

Introduction
The major events of tuber bulking in potato have been de ned as: cell division and
expansion, together with the associated starch and protein accumulation.

Tuber bulking rate is represented as the slope of the linear curve described by
the increase in tuber weight with time, while tuber bulking duration is represented
by the time period between tuber initiation and senescence of foliage. The yield
in the potato crop is determined by the rate and duration of tuber bulking. When
senescence eliminates the active leaf area, tuber bulking ceases a short time later.
Though both the rate and duration of tuber bulking are important in explaining yield
di erences between cultivars, tuber bulking duration is of greater importance since
it seems that it is the major determinant of nal yield.

Itis expected that an early maturing variety will have a yield advantage over a late
maturing variety if both are harvested at the linear stage of tuber bulking. However if
the harvest is delayed, the opposite response may be observed — the early maturing
variety, because of its early senescence, has alower tuber yield than the later maturing
variety, due to the extended growth period of the latter.

Tuber bulking is the outworking of two basic processes, tuber initiation and tuber
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growth. Tuber bulking duration isin uenced by factors such as geographic location,
environmental in uences, and cultivars. This is the critical growth period for both
tuber yield and quality. When there are no constraints on growing conditions, tuber
growth rates remain relatively constant during this period, which is often referred to
as the linear phase of tuber growth.

During this stage the tubers are the major bene ciaries of photo assimilate- they
assume the role of sink — where sucrose transported from the leaves is converted
to starch and stored. Tuber yield and quality depends on success at this stage. The
tubers will undergo a logarithmic growth pattern which is characterized by an initial
gradual growth increase, then a near doubling in size and weight and ending with
a gradual slowing down of growth to a plateau level. Crop growth rate is de ned
as the rate of dry matter production per unit area. Potato is a vegetable crop with a
relatively high growth rate. This facilitates a high yield in a relatively short growing
period.

Partitioning dry matter to the tubers

Tuber yield can be de ned in terms of the rate of assimilation and the proportion of
assimilates which are partitioned to the tubers. The production and partitioning of
dry matter are two characteristics of the potato crop, which can be altered both by
agronomy and the environment.

The dry matter produced in the leaves is used for growth of stems, leaves, roots
and tubers and it is the excess that is actually stored in the tubers. Prior to tuber
initiation, all the available dry matter is used for canopy and root growth. After tuber
initiation, the tubers compete for available dry matter. Their success in obtaining it is
related directly to the strength of competition from the canopy.

A detailed study of patterns of dry matter partitioning in the cultivar “Rooster” was
conducted at Oak Park, Ireland. The percentage of accumulated dry matter partitioned
to the plant parts during three intervals in the growing season is illustrated in (Table
1). It should be noted that stems continue to compete for dry matter over much of
the growing season.

Table 1.
Seasonal patterns of assimilate (dry matter) partitioning in cv. ‘Rooster’:
% DM allocated to plant parts

Interval — (Days after planting) Stems Leaves | Roots | Tubers

48-55 39 34 13 14
82-91 9 0 0 91
122-131 0 0 0 100

The duration of the phase between tuber initiation and when all assimilated dry
matter is allocated exclusively to the tuber is in uenced by temperature and this
duration is at a maximum for temperatures between 16° and 18 °C. The haulm to
tuber ratio, which is a measure of assimilate partitioning, was shown to decrease
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as the temperature increased. A study, which followed the pattern of change in the
rate of photosynthesis over the life span of the canopy, recorded a high rate during
canopy expansion, a decline to a minimum coinciding with tuber initiation and then
a resumption of high rates during the linear phase of tuber bulking. It can be seen
therefore that partitioning of assimilates is in uenced by the development stage of
the plant, and by environmental factors. When plants of Maris Piper were fed with
radiolabeled *“CO, at six stages during tuber bulking it was noted that two weeks
after tuber initiation, the relationship between tuber fresh weight and C content
was almost linear, but the correlation declined at later harvests. In addition, no
relationship was found between the node from which a tuber originated and the
amount of **C which entered it, but within a node the tubers on primary stolons
contained more *C than those on secondary stolons. In a further study using **CO,, it
was shown that 90% of the carbon exported from leaf number 3 was translocated to
the tubers but the percentage was lower from young expanding leaves.

Some care must be taken when interpreting these experiments using radioactive-
labeled carbon since the proportion of label in a tuber was highly dependent on the
vascular connections between the source leaf and the subtending tuber.

Tuber bulking phase

The phase of partitioning dry matter to tubers is often referred to as the tuber
bulking phase or as the phase of linear tuber growth. It is a critical growth period for
both tuber yield and quality. Under optimal growing conditions, tuber growth rates
remain relatively constant during this period. Research has shown that two major
factorsin uence tuber yield:

1. The photosynthetic activity and duration of the leaf canopy, and

2. The length of the linear tuber growth phase.

The duration during which a canopy can produce photosynthate at a relatively high
rate, and the longer tubers are bulking at their maximum rate, the higher the yield.

After tuber initiation, tuber growth receives preference for partitioned dry
matter compared with allocation to stems and branches. It is important to notice
that environmental and cultural factors may reduce tuber sink strength, altering
partitioning of dry matter to this plant part and reducing tuber yield.

The phrase‘sink strength’is widely quoted in discussions of potato yield physiology.
In the case of the tubers, sink strength can be de ned as the ability to compete with
other organs on the plant and attract assimilates. It is considered that sink size and
activity are the driving factors but sink age must also be included. The potential
growth rates of tubers are not static but undergo constant change.

Any condition that limits growth of healthy foliage disrupts tuber growth, or shifts
dry matter partitioning from the tubers to the foliage decreases yield potential.
Therefore the bulking rate is a function of the physiology of the plant and it’s
environment

The rate of tuber bulking is determined early in the growing season from both
environmental and physiological factors. Environmental factors include planting
date, temperatures at planting (both soil and air temperatures) nutrient fertiliser
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application, weather extremes (such as frost or hail), irrigation and pest management.
Physiological factors include cultivar, seed tuber size, the resulting number of tubers
produced per unit land area and physiological age of the seed.

Rate of tuber bulking

Several workers have plotted the increase in tuber yield over time and observed a
near linear relationship for a considerable portion of this phase in the plant growth
cycle when growing conditions remained constant. The relationship is referred to
as the ‘tuber bulking rate’ Factors increasing or decreasing the rate of tuber bulking
will increase or decrease the slope of the regression line. Tuber bulking rate is
dependent upon the amount of PAR, the area of leaf absorbing the radiation, the
rate of photosynthesis per unit leaf area, the concentration of CO, in the leaves, the
proportion of assimilates being transported to the tubers and the rate of respiration
of the crop. The numerical values ascribed to tuber bulking rate re ect the conditions
under which the crop was grown. A value 14.3g of dry matter m2d is considered as
representative of crops grown in temperate latitudes.

Final yield of tubers is determined by the bulking rate and the duration of the
bulking period. Some of the determinants of bulking rate are outside the growers
control; others can be manipulated by agronomic practices. While the grower can
eliminate inter-season variations in cultural practice, the environmental variables will
continue to exertin uence on bulking rate and hence tuber yields.

Tuber growth rate can be expressed as increase in the number of tubers per plant
or as an increase in tuber mass. Tuber initiation is often de ned as the date when
50% of the stolons have tubers greater than 10mm in diameter. Not all of the tubers
formed at this stage will grow on to maturity. Depending on the sink strength of
the established tubers some late-formed tubers may have their contents resorbed
and translocated to more actively growing tubers. Tuber number generally peaks at
about 60 days after planting and declines thereafter. Similarly the size hierarchy of
individual tubers changes during the tuber bulking phase and the largest tuber at
the start of tuber bulking may not be the largest at the end. This may result from the
early death of the leaf supplying assimilate to that tuber.

Environmental Factors A ecting Tuber Bulking

The effect of radiation on tuber bulking rate.

The amount of PAR to which the canopy is exposed can be considered in terms of
day length and light intensity. While day length has been shown to in uence tuber
bulking, its e ects can be discounted in the current discussion since the cultivars
are selected to perform under the day length regimes encountered between
emergence and senescence. Radiation intensity, while also outside the control of the
grower, has a controlling in uence on the rate of tuber bulking through its direct
e ects on rate of photosynthesis and indirectly through its e ect on temperature.
An experiment succeeded in disassociating the relationship between radiation and
temperature by growing seven clones at a range of elevations in Hawaii where the
temperature varied considerably but the di erences in irradiance were small. Clones

153



demonstrated striking di erences in the number of tubers set and the proportion of
assimilate allocated to the tubers.

A trial to investigate the e ect of increasing light intensity on the rate of
photosynthesis in the potato crop showed, that the rate declined as the leaves
became progressively older. A hyperbolic relationship in potatoes between light
intensity and photosynthesis and that saturation occurred at about half of full
sunlight. Typical values for gross assimilation rate of carbohydrate can be calculated
for a crop growing at Carlow, Ireland (Lat. 52.8 °N) on a clear and overcast day
(Table 2.)

Table 2.
Calculated daily gross assimilation (kg CH,0 ha™ day™)
for a typical potato crop at Carlow, Ireland.

Date June 15 July15 | Aug.15 | Sept.15 | Oct. 15
Clear day 532 513 437 324 210
Overcast day 244 235 197 139 82

The e ect of overcast days was simulated by shading the crop for 12 days during
the early stages of rapid tuber bulking and noted that bulking rate was temporarily
reduced, which led to areduction in nal yield. While the quantity of PAR intercepted
by the plant has been shown to in uence the rate of photosynthate production, the
spectral balance of light in uences the distribution of assimilate within the crop.
This has been illustrated for potatoes where plants grown over white coloured straw
mulches gave a 15% increase in marketable yield compared with unpainted straw
mulch.

Effect of temperature on tuber bulking

Di erent stages of the potato crop growth cycle have di erent temperature optima.
Potatoes are often described as a cool temperature crop and tuber growth is favored
by temperatures around 15-16 °C. Soil temps above this restrict tuber growth. By
contrast, the canopy can function and grow e ectively (measured as percentage
increase in leaf area) at temperatures of around 25 °C. In an environment of high
air temperature values, the temperature in the root zone can be sustained at
near optimum levels due to shading by the canopy. This combination high shoot
temperature and low root temperature increases haulm longevity, but haulm
longevity is greatly decreased when high shoot temperature is combined with high
root temperature. Because high temperatures promote haulm growth, more of the
pool of starch available for growth is directed towards the haulm at the expense of
tuber growth. Heat stress occurring early in the growth cycle has a greater impact on
tuber yield and tuber quality, whether expressed as a reduction in speci ¢ gravity or
as in increase in misshapen tubers.
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Tuber yield was found to decrease at 29 °C while tuber speci ¢ gravity and tuber
shape were also negatively a ected. As the temperature increases, the rate of
respiration increases, while the rate of photosynthesis decreases. This means that
starch is being respired to sustain plant growth rather than stored in tubers.

Temperature has been shown to in uence dry matter allocation during the tuber
bulking phase. High temperatures (around 30 °C) reduced the growth rate and
carbohydrate metabolism, lowered the ratio of tuber to both leaf and stem dry matter
and prevented further growth at 34 °C. High temperatures increase leaf senescence
rate and therefore indirectly a ect the rate of tuber bulking. However, it has been
demonstrated that while senescence commenced earlier at 27° than at either 16°
or 22 °C, the plants lived longer at the high temperature because new leaves were
formed over a longer period. Low temperatures (below 10 °C) also a ect dry matter
allocation. These ndings led to the proposal of an optimal bulking temperature,
with values of 13 °C or 18 °C or 21 °C being suggested by di erent researchers.

Radiation use e ciency, which describes the amount of dry matter produced per
unit of intercepted PAR, is signi cantly related to mean daily temperature. Values of
2.21t0 2.8 g MJtwere calculated for crops at di erent altitudes in Hawaii, while values
of 2.49 to 3.42 g MJ* were calculated for crops in England.

In the absence of a strategy to uncouple the e ect of light and temperature such
as that employed in the study at Hawaii, it might be expected that the combination
would produce additive e ects. Butwhenthe e ects of light and temperature on the
growth of the cultivar ‘Norland’ were modeled, it was found that for an increase in
tuber weight, temperature appeared to act independently of CO, levels and light.

The effect of CO, levels on tuber bulking rate

The carbon dioxide concentration in the atmosphere surrounding the leaves is not
regarded as a factor, which limits photosynthesis and consequently tuber growth.
There ishoweveraconsiderable volume of evidence showingthee ectofinternal CO,
concentrations on the rates of photosynthesis. The stomata permits water vapour to
di use out of the leaf and CO, to enter and when there isaninsu  cient water supply
to the leaves to maintain full transpiration rate the stomata begin to close. Because
potatoes require such large quantities of water to permit optimum growth, the
relationship between stomatal closure, internal CO, concentration, photosynthesis
and yield increase have been widely investigated. When potato plants were water
stressed, a reduction in photosynthesis was observed and furthermore, drought
stress reduced the growth of tops signi cantly more than the growth of tubers and
roots. A reduction in both net photosynthesis and transpiration due to water stress
has been shown and furthermore that photosynthesis was less sensitive to drought
than transpiration.

When ve cultivars, with varying levels of eld drought tolerance were exposed
to water stress in a controlled environment, a drop was recorded in both the rates
of photosynthesis and transpiration. While the initial reduction in photosynthesis
was shown to have been induced by stomatal closure, subsequent declines in
photosynthesis were due to inhibition of the photosynthetic capacity through
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in uences on the mesophyll. However in another study, di erences in stomatal
conductance did not adequately explain di erences in rates of photosynthesis
between four potato clones. In a trial conducted during a dry growing season, with
intense interplant competition from closely spaced plants, leaf area decreased in
mid-summer and induced a near complete cessation of tuber bulking.

Effect of weather extremes on tuber bulking

Hail can damage crops, but potatoes are remarkably resilient to its damages compared
to other crops such as maize and beans. Factors such as the amount and size of
the hail, the variety, the growth stage of the plants and the weather immediately
following the hail, will all contribute to the severity of the hail damage.

Tuber yield is most sensitive to hail damage, which occurs two to three weeks after
tuber initiation or during early tuber bulking. Many varieties will be at his stage in
about two to four weeks after owering.

The physical manifestation of hail damage is torn leaves, a tattered appearance,
and also leaves having holes through the blades where small hail penetrated. Stems
may be partially completely defoliated (Fig. 1a). If 25% or less defoliation occurs early
or late in the season, or 10% or less during mid-season (bulking), there may be little
e ect on yield if the subsequent weather is favourable for crop growth. Research
has shown that if canopy dry matter is reduced by 50% one week after a severe hail-
storm thise ectwassu cient to arrest crop development. Fertilisation or irrigation
of crops damaged to this extent is unlikely to be bene cial in terms of reversing the
reduction in potential yield.

Stem injury is the main reason for crop loss due to hail. At the point of impact,
hail can break the stem at worst, can go deep enough to cut the vascular tissue
and expose it, and, at the least, form a whitish, papery, oval-shaped bruise on the
surface (Fig. 1b) All of these open a portal for pathogens such as aerial black leg.
Haulm maturity may be delayed due to the recovery period after hail. Fungicides

Figure 1.
Potato plants with leaves shredded by hail (a). Hail bruise damage to stem
(Photos © Author).
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application, as a protection is recommended as early blight (Caused by Alternaria
solani) and alternata blight (Caused by Alternaria alternate) can invade.

Tubers are not directly a ected, but misshaping of tubers may occur due to erratic
growth as the haulm tries to recover. Late-season hail may reduce tubers solids (i.e.
lower speci ¢ gravity).

Effect of soil moisture availability on tuber bulking

Potatoes require a continuous supply of soil water along with adequate soil
aeration. Yields are greatest when soil moisture is maintained above 65% of
the available soil water capacity. Any degree of moisture stress will impact
on the linear phase of tuber bulking. Canopy and tuber growth are stopped
during a period of stress and continuing for several days thereafter when soil
moisture stress is allowed to drop below a critical level. A direct consequence
of moisture stress is an e ective shortening of the tuber bulking period and
even further, it can induce a variety of tuber defects, both internal and external.

Note: Exercise caution because excessive irrigation can restrict physiological activity in
the plant, inhibit nutrient uptake and increase disease susceptibility. An excess
of moisture may also lead to enlarged lenticels (Fig. 2), which are openings of
the epidermis. This detracts from their appearance and allows entry of disease
organisms, causing tuber rot in storage.

Figure 2.
Tuber showing erupted lenticels, due to excess moisture in the soil surrounding the
tuber. (Photo © Author)
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Effect of pest management on tuber bulking

If an insect or disease can induce damage to leaves it can reduce the amount of light
intercepted by the canopy and through this route, limit tuber growth. Among the
most serious of these insect pests are aphids, while diseases such as late blight, early
blight, and Verticillium wilt will reduce tuber bulking rate

Physiological Factors A ecting Tuber Bulking

Effect of cultivar on tuber bulking

Dry matter partitioning is also in uenced by the choice of cultivar. Early maturing
cultivars initiate tubers when the canopy is small and then proceed to divert the
greater proportion of assimilate to the tubers - ensuring a commercial yield at early
harvest. Another group of cultivars initiate tubers at moderate leaf areas and tuber
growth proceeds simultaneously with canopy growth. In late maturing (usually
indeterminate) cultivars tuber initiation does not commence until ground cover is
achieved and such varieties will only provide full yield at delayed harvest.

When the di erences in the duration of tuber bulking rate is discussed, there is a
tacit acknowledgement that variations in the genetic makeup in uence all aspects
of growth and development yet e orts to quantify these di erences have hardly
extended beyond visual assessments of canopy development and tuber yield
determination. Di erences between cultivars in relation to root growth and stolon
development are rarely quanti ed.

Cultivars di er in leaf area duration and cv. ‘Cara’ is typical of a group de ned as
indeterminate where sympodial branch formation sustains a continuing supply of
young leaves. A study compared cv.‘Wilja, a second early, with ‘Cara’ Tuber dry matter
accumulation in ‘Wilja’ ceased after the canopy had intercepted approximately 1000
MJ m2while ‘Cara’ continued to intercept radiation and acquired approximately 1600
MJ m=2,

An attempt was made to explain the mechanisms underlying increases in yield
and improved rates of carbon assimilation per unit leaf area for three clones, which
produced higher yield than the standard cultivar, ‘Russet Burbank’ Neither stomatal
conductance, number of stomata per unit area, total area of stomatal apparatus
nor chlorophyll content appeared to provide the basis for the observed increase in
carbon assimilation.

Effect of seed tuber physiological age on tuber bulking
Physiologically aged seed tubers tend to produce potato plants with numerous stems.
A consequence of high stem numbers is normally a high number of tubers per plant.
This has the e ect of reducing average tuber size due to increased competition for
the amount of carbohydrate available to each tuber during bulking. This is a desirable
outcome when growing crops for seed, but is less desirable when the crop is being
grown for the ware market.

Crops grown from seed with a high physiological age will have a shorter growing
period and therefore reduced yield potential. Older seed is more suited to regions
with a short growing season (restricted by early frost, virus incidence or early
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markets). High levels of physiological age also shorten canopy duration and advance
the onset of senescence. A consequence of this early senescence is truncating the
bulking duration and limiting overall productivity.

By comparison, when potato plants are grown from physiologically young seed
they begin to bulk later, enjoy a longer growing period and possess a higher yield
potential than plants raised from physiologically aged seed. This may shorten the
linear tuber growth phase in areas with a short growing season, but will produce a
higher tuber yield if the crop can grow to maturity in a long growing season.

Growth analysis was used to investigate the basis of increased early yield associated
with physiological ageing of seed tubers. The response is explained by faster
emergence, faster leaf-area establishment, and tuberisation earlier in the growing
season compared with that from physiologically younger seed-tubers.

Effect of leaf longevity on the rate of tuber bulking

In order to maintain a linear rate of increase in tuber yield, the leaves must either
retain their photosynthetic capacity for an extended period or the canopy must be
constantly replenished, by new leaves. Leaves can be described as young, adult or
senescent on a physiological basis and the photosynthetic e ciency of adult leaves
was highest. Whereas young leaves attained values of 60-80% of those achieved by
adult leaves, senescent leaves only attained values of 40-60%. In a study on the e ect
of leaf age on photosynthesis and stomatal conductance on leaf numbers 10, 14 and
18, it was observed that conductance initially declined faster than photosynthesis
during ageing, but that leaves at the three insertion sites behaved similarly.

A decline in photosynthesis with leaf age is also associated with a corresponding
decline in leaf nitrogen content. When plants were grown with adequate nitrogen
the longevity of leaf number 12 on the mainstem was about 105 days while the life
span of leaves on apical lateral branches varied from 30 to 100 days. In addition to the
remobilization of nitrogen at leaf senescence, the remobilization of carbon during
senescence has been demonstrated by recording a greater gain in tuber dry matter
than in dry matter for the whole plant

The pattern of early tuber initiation, competition with new leaves for assimilate
and the consequent reduction in canopy size are well recognised. When sensitivity
analysis was used to compare the e ects of tuber initiation, leaf longevity and
relative tuber growth rate on assimilate allocation it was found that when conditions
for tuber growth were not limiting, leaf longevity was the factor making the greatest
contribution to tuber bulking.

Effect of rate of respiration on tuber bulking

In early studies, plant growth was analysed in terms of the size of the leaf surface
in relation to the area of ground (LAI) and the increase in dry weight per unit area
per unit time or the net assimilation rate. The nding that net assimilation rate - the
increase in weight due to photosynthesis less the loss due to respiration - was not
independent of internal plant processes led to the search foramore e ective measure
with which to quantify plant growth. Whole plant respiration studies must encompass
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the canopy, the roots and the tubers. But while respiration in the tubers post harvest
has been studied intensively, the growing plant has received less attention.

The full compliment of carbon xed during the assimilation process is not
available to the tubers for an increase in yield since a portion of it is respired to
provide energy for metabolic functioning. Respiration can be considered in terms
of the energy required for growth and maintenance. The carbohydrates remaining
after the maintenance requirements of the plant is satis ed are available for growth.
A value of 0.04g g* dry weight is accepted as appropriate for growth respiration of
leaves and 0.03g g for stems tubers and roots. Maintenance respiration values must
take account of organ dry weight and temperature. A further study also developed a
model to simulate potato growth and regarded that the maintenance requirements
of leaves, stems, roots and tubers were satis ed at 0.03, 0.015, 0.01 and 0.005g g*
respectively of glucose.

Bulking of individual tubers in relation to overall bulking rate

The number of tubers, which develop to a marketable size, is often considerably less
than the number initiated. Di erences in tuber size at nal harvest have led several
workers to investigate the factorsa ecting individual tuber growth rates. Four stages
have been recognised in tuber formation: induction, initiation, set and growth. The
greater proportion of tubers that attain maturity are initiated over a short period and
some of these commence rapid growth leading to the familiar distribution in tuber
size. It was initially regarded the largest tubers were these which were formed rst
and remained the largest until maturity. Subsequent workers, who demonstrated
that the hierarchy of tuber size is in a constant state of ux, refuted this concept.

Tuber growth is achieved through cell division, cell enlargement and storage of
starch. While all three processes occur simultaneously in the early stages, increases in
cell volume provide the increase in tuber volume after it has attained a fresh weight of
30 to 40g. Daily changes in tuber volume have been measured for the cultivar ‘Bintje;
where a periodicity was observed in which the greatest increase occurred at the
beginning of the dark phase and the lowest after the resumption of the light phase.
During the early stages of tuber development, the increases were greatest during
daytime, while approaching maturity the greatest increases were observed at night.
The impact on the increase in volume of individual tubers and the volume response
to a 50% decrease in leaf area or of cooling the tubers to 8 °C was investigated. The
result showed that growth of potato tubers during the linear phase of bulking is
limited only by the capacity of the plant canopy to supply assimilates.

There is no agreement in the literature on whether increases in tuber volume are
predicated through the amount of assimilate supplied to a tuber or as a result of the
sink strength of the tuber i.e. its ability to compete with surrounding tubers for the
available supply. Di erences in sink strength have been shown to exist among stolon
tips even before visible swelling occurs. There is some evidence that this di erence
in sink strength may be related to di erences in the activity of the enzyme, sucrose
synthase, responsible for the conversion of sucrose to starch.
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E ect of Agronomic Factors on Tuber Bulking

Three distinct phases have been recognised in the idealised curve relating tuber
yield to time: a period of exponential growth following tuber initiation, a long
period when the relationship is linear and a nal phase when growth rate of tubers
declines coinciding with the onset of canopy senescence. Final yield is therefore the
cumulative result of factors, which in uence the rate and duration of each facet of
the tuber-bulking phase. It follows therefore that factors, which shorten the duration
of tuber bulking, can be expected to reduce yield.

Effect of foliar diseases on the duration of tuber bulking
The degree of defoliation of a potato crop by the fungal pathogen Phytophthora
infestans depend on the severity of the infestation and therefore the timing of
onset will restrict the duration of tuber bulking. The primary objective in a fungicide
application strategy is to provide complete protection for the crop while a secondary
objective will be to delay the onset of defoliation in the event of an outbreak. Current
formulations of contact, translaminar and systemic fungicides provide a high degree
of protection. A relationship has been demonstrated between the amount of
intercepted PAR and the yield of potatoes where the canopy size has been reduced
by late blight (Phytophthora infestans). While in the plants treated with fungicide,
fungal spread was limited, ground cover was increased but radiation use e ciency
was nota ected by fungicide application or P. infestans infection

A study to simulate the defoliating e ects of P. infestans examined the e ect of
defoliation by hand-removal of either 0, 25 or 50% of new leaf growth. Final tuber
yields were 19% and 22% lower following 25 and 50% defoliation respectively.
Di erences in the duration of tuber bulking between the cultivars ‘King Edward’ and
‘Majestic’ were observed and it was considered that the di erence was due to greater
blight resistance in Majestic.

Effect of seed tuber size and plant spacing on tuber bulking

The number of stems produced by a potato plantisin uenced both by seed tuber size
and physiological age. Since each eye on a seed tuber has the potential to produce
at least one stem, the larger the seed tuber, the more eyes, the more potential stems.
Additionally, as seed acquires physiological age, the number of stems produced by
each eye increases.

Seed size and spacing combinations must be selected to match the expected end
use of the crop. In potatoes, the seed tuber provides both meristematic potential and
substrate reserves. It has long been recognised that the size and quantity of seed
tubers planted will in uence the subsequent growth of the crop. Most of the research
in this area has been directed towards determining an appropriate population at
which a given seed size will produce optimum or maximum yield. These types of trials
representan oblique approach to the problemsince itisreasonably well accepted that
the mainstem represents the unit of potato yield. What is in fact required therefore
is a procedure whereby a given population of mainstems could be established
and modi ed to suit individual crop end-use requirements. Attempts at using set
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characters like weight, surface area, number of eyes and number of ‘sproutlets’ to
predict mainstem emergence have only enjoyed limited success. However, even if the
number of mainstems likely to emerge could be predicted with some certainty, then
similar precision in predicting the number of tubers produced by each mainstem
would be required before any assumptions on tuber size distribution could be
attempted. At the level of farm practice therefore, adjusting the plant population
relative to the set size still represents the only practical approach.

The number of stems produced by a potato plantin uences the number of tubers
that the plant will set. Because each stem tends to produce a certain number of
tubers, the higher the number of stems, the more tubers that will be produced by
each plant. Having more tubers per plant can be advantageous for cultivars that set
few tubers with many of them oversized or more importantly, when crops are grown
for seed production.

As seed tubers are spaced closer together, tuber numbers per plant typically
decreases due to interstem competition. However, because the seed tubers are
spaced closer together, the resulting total plant population per hectare increases,
and the overall tuber number per hectare will also likely increase.

Both closer than optimal plant spacing and physiological ageing have similar
e ects on tuber growth, in that both increases tuber density relative to canopy size.
This constrains the photosynthetic capacity to bulk each tuber. Although total yields
may not be reduced, bulking rates of individual tubers decrease, which results in
smaller tubers and lower marketable yields of ware size tubers. When wider than
optimal spacing is employed it can lengthen the time it takes to reach full canopy,
which restricts carbohydrate supply to the tubers.

The e ect of seed size on mean bulking rate per week for large seed (45-51 mm)
and small seed (32-38 mm) was investigated and no di erence was observed in
one growing season, while in the subsequent season the small seed provided the
higher bulking rate. It is likely that this is an indirect e ect, being moderated by
the di erence in the number of mainstems per seed tuber since the small seed had
somewhat fewer mainstems in the rst growing season and considerably fewer in
the second season.

A further study also examined the e ect of seed spacing on mean bulking rate
and found that plants at a 30.5 cm spacing had higher bulking rates in both growing
seasons than plants spaced at45.7 cm or 61.0 cm. This result can be explained in terms
of radiation interception where itis likely that plants at the wide spacing’s were failing
to intercept all the available radiation with consequent slower bulking rate until they
achieved ground cover. Data on LAI from the trial would support this interpretation
since the 30.5 cm spacing displayed the highest rate of LAl development.

Harvested tuber size pro le is a function of the number of tubers set per plant,
as well as the length of time tubers bulk during the season. Environmental and
management factors can in uence both of these characteristics.

Effect of nutrient fertiliser on tuber bulking
Nitrogen application rate constitutes the agronomic practice, which has the greatest
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single impact on crop growth. It is not surprising therefore that the in uence of
nitrogen on tuber bulking has been intensively investigated. The majority of nitrogen
application studies have sought to identify the level of nitrogen, which should be
applied to ensure the development of a canopy capable of sustaining the maximum
rate of tuber bulking. High levels of nitrogen have been shown to produce vigorous
growth of stems and leaves and induce a delay in tuber yield development

A common feature of nitrogen level studies relates to concern regarding the e ect
of high levels on rates of tuber bulking. Some confusion in earlier studies regarding
the e ect of nitrogen on tuber bulking resulted from the practice of extrapolating
the date of tuber initiation from the linear phase of tuber bulking. This led to the
suggestion that high nitrogen levels delayed tuber initiation. In reality, initiation
was not a ected, but the length of the exponential phase was increased. A study
investigating the e ect of nitrogen on tuber yield concluded that the yield increase
achieved from increasing levels of nitrogen resulted from higher tuber bulking rates
rather than from an increase in the duration of tuber bulking.

It was regarded that delaying the date of tuber initiation and thus ensuring that
the crop had attained a larger leaf area at tuber initiation, would result in a higher
yield. High nitrogen levels appeared to provide the high yields through mimicking
this strategy.

Maximum tuber growth rate requires a healthy canopy, supplied with essential
nutrients at optimal rates. Tuber bulking rates can be reduced by either de cit or
excess fertiliser applications. Canopy growth is limited and canopy duration is
shortened by nutrient de ciency, this results in reduced carbohydrate production
and consequent tuber growth rates. By contrast, excessive fertilizer applications can
cause nutrient imbalances that delay or slow tuber growth rates.

Nitrogen has been shown to produce a dramatic in uence on dry matter
partitioning. Nitrogen is essential to produce canopy growth and sustain leaf area
duration. Excess nitrogen application increases the size of the canopy during the
early growth phase and diverts dry matter into the production of excess leaf and
stem at the expense of tubers. The investment of dry matter in these components
will only be recovered by the maintenance of leaf area duration until late into the
growing season. But by this time, radiation receipts are declining as outlined above,
so that it is possible that the full value of the applied nitrogen will never be realised.
A balanced supply of all the plant nutrients is required throughout the growth
cycle, but especially during tuber bulking when the whole plant is functioning at its
physiological limit.

A ranking of needs within the growing crop determines the partitioning of
nitrogen. With the commencement of tuber growth, the rst priority for N goes
to tubers, to maintain their minimum nitrogen requirement of 0.8% by mass. With
such a high demand from tubers, premature canopy senescence can be induced as
N is remobilized to satisfy tuber demand. The next priority for N is to maintain the
canopy structure and this value is assumed to be 0.5% by mass. After this comes the
N requirement for leaf expansion at 20g m. Excess N, beyond these requirements,
goes into a labile pool that consists of NO, stored in leaves (up to 0.4g m?) and
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nitrogenous compounds in stems (up to 4% by mass). Demands are lled by uptake
from the soil while nitrogen is available. When this source is depleted, nitrogen is
removed from the lowest organ in the plant hierarchy to the step one below the
current organ that is demanding nitrogen. Following the attainment of maximum
green leaf area, the canopy becomes a net source of N. This is because the structural
N in the canopy is xed and mobile canopy N is remobilized to the tubers.

Magnesiumassumes a greaterimportance at the later stages of growth, particularly
during bulking, where it has a major role to play in maintaining tuber quality. Mg
achieves this response due to its role as the central atom in the chlorophyll molecule,
where adequate chlorophyll is required to sustain canopy longevity and contribute
dry matter to the developing tubers. Increasing the dry matter intake will improve
the speci ¢ gravity, a major quality attribute, of potato tubers.

Effect of irrigation on tuber bulking

After nitrogen, the next agronomic factor likely to in uence the linear rate of tuber
bulking is irrigation or it's converse, drought stress. Drought stress is considered as
the main abiotic limiting constraint on world potato production. Drought imposes
limitations on potato productivity by a ecting photosynthetic processes either
directly at the canopy, leaf or chloroplast level, or indirectly by limiting transport
of photoassimilates to sink organs. Just as nitrogen studies seek to determine an
optimum application level, irrigation studies seek to determine the soil moisture
de cit below which growth is adversely a ected.

In a study to investigate the e ect of water de cit on the photosynthetic capacity
of potatoes a signi cant increase in stomatal resistance with an increase in moisture
stress was observed, but also that a water de citin uenced photosynthesis through
mesophyllic factors. Gas exchange parameters are regarded as being more sensitive
to moisture stress in potatoes than the more widely used measurement of leaf water
potential. It has long been recognised that photosynthetic rates in leaves are reduced
by plant water de cits. However, the cause of the water stress induced decrease in
photosynthesis has not been completely elucidated. The low CO, assimilation rates
induced by moisture stress are considered to be mediated by factors such as low
intercellular CO,, the accumulation of assimilates, localized low-water potentials
in the mesophyll and decreased activity of the enzyme ribulose-1,5-bisphosphate
carboxylase. Stomatal closureisalso considered to be partly responsible forreductions
in the photosynthetic rate, due to a decrease in stomatal conductance, in response to
turgor loss when roots encounter low soil-water potentials and the shoot is exposed
to low atmospheric humidity.

Potatoes have a high demand for water throughout their eld growth phase, which
must be met from soil storage, rainfall or irrigation. Using theoretical values for water
vapour di usion, leaf area and vapour pressure de cit, it has been calculated that
under typical eld conditions in northern Europe during August, a potato plant loses
2509 of water for every gram of CO, assimilated.

(The e ect of irrigation on potato growth will be discussed further in Section
16).
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® Thedurationande ciencyofthetuber-bulking periodisamajordeterminant
of crop yield. While most of the bulking occurs early in the season, producers
need to pay particular attention to the linear bulking period and even end-
of-season bulking.

@ Growers must understand how to manipulate the growth of the leaf and root
system of the potato crop so that radiation interception can be max